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INTRODUCTION 


For many years I have felt that the title of a paper, or address, should be brief, 
informative, and self explanatory. Now I have violated my own tenet by using the 
relatively unfamiliar word limnology, and some explanation is due. Limnology is 
the science of lakes, just as geology is the science of the earth, but that simple de- 
finition is neither satisfying nor adequate for my present purpose. Limnology is 
indeed the science of lakes, and streams too, but it depends heavily on the facts and 
principles of chemistry, physics, biology, hydrography, geology, and meteorology. 
The central theme that binds all these into an organized science is ecology—the 
ecology of lakes—for one of the principal objectives of limnology is to explain the 
organic productivity of lakes and, more especially, the great differences between the 
capacity of lakes to produce living matter. Two examples of lake productivity will 
suffice to show why human beings are concerned. One, the “over production” of 
microscopic plants and animals in lakes and reservoirs that are used for public water 
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supplies, is highly objectionable because it clogs the filters of the treatment plants 
and gives the water a bad taste and odor. The other is the yield of food fishes from 
ponds and lakes. Today in Europe, and in this country, the yields of fish from many 
small lakes are increased and controlled by the addition of mineral fertilizers such 
as we use on the land to increase its yield. 


DENSITY AND VISCOSITY =» 
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TEMPERATURE G* 


FIGURE 1.—Curves showing the changes of density and viscosity of fresh water with changes of temperature 


I propose to review certain principles of limnology and then to show how these can 
be used, both directly and integrated with geology, to interpret the deposits of several 
large middle Eocene lakes of the Rocky Mountain Region. These lake deposits 
extend over a considerable area in Wyoming, Colorado, and Utah, and are collectively 
known as the Green River formation. 

As we are to approach this problem from a limnological point of view it may not 
be amiss to review some of the physical properties of water. Water is a truly re- 
markable liquid and its various properties are of the utmost importance to the 
characteristics of lakes. 

In Figure 1 are shown the changes of density and viscosity of water with increasing 
temperature. The rate of change with temperature is significant for limnology. 
Note that the difference of density between 22° and 25°C. is approximately three 
times as much as it is between 9° and 12°C. This means that about three times as 
much wind energy is required to mix two layers of water in a lake when the upper 
layer is at 25° and the lower 22° as when the upper layer is 12° and the lower 9° 
The viscosity decreases with increase of temperature. The slope of this curve is 
significant but, so far as I know, the rate of change of slope is not. 
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SOME PRINCIPLES OF LIMNOLOGY 


SOME PRINCIPLES OF LIMNOLOGY 


It is commonly taken for granted that a lake is a simple homogeneous body of 
water, but let us take a lake in the temperate zone and see what it is like and how it 
changes with the seasons (Fig. 2). We'll start in the spring when the ice has melted 
off and it has begun to warm up so that the whole water body has the same tempera- 


TEMPERATE CLIMATE 











JANUARY 








FIGURE 2.—Schematic cross section of a fresh water lake in the Temperate zone 


Showing seasonal variations of temperature distribution, circulation, direct and inverse stratification, and, in part, 
changes in the content and distribution of dissolved gasses, 


ture. The wind blowing across it sets up a slow circulation. The oxygenated sur- 
face waters are carried to all parts of the lake. But as summer comes along the sur- 
face water warms up, and as it warms, its density and viscosity decrease until a 
distinct upper layer of relatively warm, light, less viscous water, known as the epi- 
limnion, is established. This rests on a deeper, colder, denser body of water known 
as the hypolimnion. Actually there is a relatively thin transitional zone, or thermo- 
cline, between them, which might be thought of as a zone of shear. The wind blow- 
ing across the lake now sets in motion only the epilimnion whose light warm water 
flows easily and resists being pushed down into and mixed with the hypolimnon. 
This surface layer acts as a seal, for the oxygenated surface water is not carried below 
the thermocline into the hypolimnion. In the hypolimnion the respiration of or- 
ganisms and the decay of organic matter continue to use up the dissolved oxygen 
and increase the quantity of dissolved carbon dioxide. If this stagnation continues 
for a long summer all the oxygen may be used up and then the water becomes pro- 
gressively more charged with hydrogen sulphide. 

In the autumn the epilimnion is cooled until it reaches the temperature of the 
hypolimnion whereupon the whole lake goes into circulation again as in the spring. 
These times of full circulation are known as overturns. The deeply circulating 
water brings up from the bottom new supplies of dissolved nutrients like phosphates 
and nitrates, which give rise to temporarily great increases in the growth of certain 
microscopic plants and animals. And these, in their turn, impart bad tastes and 
odors to the water in the spring and fall. As winter comes on the surface water 
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gets cooled below the maximum density. Then a layer of colder but lighter water 
makes up the epilimnion and we have what is known as an inverse stratification. 
The same changes go on in the hypolimnion as in the summer stagnation period. 
Indeed, if the lake freezes over and stays frozen a long time even the epilimnion may 
be depleted of its oxygen. When that happens there results a catastrophic mortality 
of fish and other organisms in the lake. 


TROPICAL CLIMATE 


MARCH THROUGH DEC. JAN.— FEB. 

















FIGURE 3.—Schematic cross section of a fresh water lake in the Tropical zone 


Showing seasonal variations of temperature distribution, circulation, thermal and chemical stratification, and, in 
part, changes in the content and distribution of dissolved gasses. 


In subtropical climates there is generally only one overturn a year. The sequence 
of events illustrated in the top two diagrams of Figure 3 is much the same as for lakes 
in the Temperate zone except that by reason of higher temperatures, the hypolimnion 

‘becomes charged with hydrogen sulphide much more quickly and stays that way a 
considerable part of the year. The result is that the lake bottom in the hypolimnion 
is barren of virtually all living organisms except anaerobic bacteria. In the sub- 
tropics the thermal stratification is more stable—more durable than in the Temper- 
ate lakes because the warm surface water is so much less dense than that in the 
hypolimnion, even though the temperature differential is not great. In equatorial 
regions where there are no definite temperature seasons lakes become stratified but 
may overturn almost any time if the temperature stays a few degrees below normal 
for several days. A sudden cooling of subtropical or warm temperature thermally 
stratified lakes may cause so sudden an overturn that the hydrogen sulphide cannot 
be oxidized as it comes up. When this happens there is a great mortality among 
the fish and other organisms. 

In lakes that have a complex life history we sometimes get another kind of strati- 
fication—a chemical one. If the lake is fed by highly mineralized springs or has gone 
down to a very low stage so that the dissolved salts become concentrated there can 
come to exist a saline hypolimnion—one that is denser than the overlying water 
because of its salinity. Soda Lake in Nevada, Lake Edward in Africa, and Lake 
Ritom in Switzerland are lakes of this kind. The Black Sea, although essentially 
marine, has a chemical stratification on a grand scale. 

A saline hypolimnion once established is extremely stable and long lived. Hutchin- 
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son (1937, p. 116-127) has shown that the loss of salinity by diffusion upward into the 
overlying water is very slow and that because of the sharp density difference, there 
is a marked resistance to any tendency for the two water bodies of different salinity 
to mix. Indeed, he has shown that, paradoxical as it may seem, the fresher the 
water of the upper layer and the more of it there is moved across the saline hypolim- 
nion the more nearly permanent is the chemical stratification. 

In the relatively fresh water body above a saline hypolimnion the usual type of 
thermal stratification may, of course, develop as is shown in the lower part of Figure 
3. Organisms that grow in this upper water body and, by one means or another, 
settle into the saline hypolimnion are likely to be well preserved, for no scavengers 
live there—only the slow process of decay by anaerobic bacteria goes on. The de- 
osits that accumulate there are never worked over by mud feeders as they are at 
the bottoms of lakes and seas that are well oxygenated, or ventilated. 

By productivity the limnologists mean simply the total quantity of organic matter 
of all kinds that grows in the lake—everything from bacteria to fish and all kinds of 
plants from diatoms and planktonic algae to the large forms that grow in the marginal 
shoals. Productivity is usually measured in metric tons per hectare—that is per 
10,000 square meters. Lakes differ tremendously in their capacity to produce 
organisms. At one extreme are lakes like Crater Lake, which despite its great 
beauty is nearly barren of life. At the other end of the spectrum, in virtually all 
respects, would probably come small farm ponds that receive farmyard drainage. 
These are literally green and soupy with organisms. 

What factors contribute to a lake’s productivity? Moderate depth for one thing— 
that is, roughly 10 or more times wider than deep. But more important is a long 
shore line and extensive shoals around the margins, for in these warm, well-lighted 
waters much plant material is synthesized and many aquatic organisms prosper. 
Decomposition of these organisms adds dissolved nutrients to the lake as a whole. 
Another factor is a drainage basin containing an abundance of limestone and limy 
rocks from which the streams can bring lime and phosphates to the lake. The op- 
posites of these factors, of course, determine lakes of low productivity. 

So much for the principles of limnology. This cursory review leads now to a 
consideration of how these principles can be either applied directly or integrated 
with geologic evidence to interpret deposits laid down in the large Eocene lakes of 
the Rocky Mountain Region. To me, the interpretation of a sedimentary formation 
is essentially a problem of reconstructing environment as fully as possible and then 
deducing the physical, chemical, and biological processes that were taking place at 
the time. The quality and fullness of that reconstruction are measures of our under- 
standing of how that formation came to be and what its constituent elements mean. 
The test of such a reconstruction is met if all the parts of the resulting picture are 
consistent not only with one another but also with what we know of analogous 
features and processes of the earth that we can observe today. 

The first steps in this reconstruction are to establish the origin and form of the 
lake basin, to review the bare outlines of its geologic history, and to determine its 
climatic environment. 
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PALEOLIMNOLOGY OF THE EOCENE LAKES 


For the present purpose the origin of the basins in which the Green River forma- 
tion was deposited can be considered superficially. I conceive that at the end of 
Upper Cretaceous time when the Rocky Mountain ranges were upfolded and the 
intermontane basins were formed the average altitude of the basin floors may have 
been several hundred feet above sea level, possibly a thousand. Under these condi- 
tions, no matter how perfectly the drainage to the sea was integrated, the streams 
eroding these new mountains would not only fill the basins with sediment but would 
continue to aggrade their beds all the way to the sea until they established a gradient 
adequate to transport their loads. The post-Cretaceous topography of the Rocky 
Mountain region was so far from graded that this conclusion appears to follow with- 
out regard to what the climate happened to be. The same cause would have ac- 
counted for the aggradation of the great frontal blanket of Tertiary sediments that 
slopes away from the east front of the Rocky Mountains. 

This is unquestionably an oversimplified picture but it will suffice for the present, 
provided that we add that there is evidence in the Eocene sediments of these basins 
for intermittent slight downwarp during the early Tertiary. The lake basins of 
Green River time owed their origin, then, to downwarp and, although I have no 
compelling evidence, I believe that the lakes themselves owed their long existence to a 
progressive downwarp that exceeded both the rate of deposition in the basin and the 
rate of erosion of the axial ridge at the east end of the Uinta Range, where the outlet 
was. 

The Green River formation itself makes up a huge lens of lacustrine beds some 
1,500 to 2,000 feet thick within the mudstone of the Wasatch and Bridger formations 
(Fig. 4). Its interfingerings with these enclosing formations reflect a long sequence 
of changes in the size and shape of the lake. At a comparatively few places the 
lake waters reached the edge of the basin and came in contact with the pre-Tertiary 
rocks. Marlstone, which is limy mudstone or muddy limestone, is the predominant 
rock type. Most of it contains organic matter and these organic marlstones grade 
into oil shales. All are thin bedded and regularly bedded. Most of the oil shale is 
restricted to the central two-thirds of the lens. Also occupying the central part of 
the basin is a saline facies some 6 or 8 hundred feet thick. To a large extent the 
saline facies and the oil shale deposits coincide though not wholly; oil shale occurs 
higher and lower in the formation and locally has a wider lateral extent than the 
saline facies. Marginal facies of the Green River formation are generally muddy 
and sandy though in them too lime is a conspicuous constituent. Locally the shore 
facies contain extensive beds and reefs of algal limestone, odlite, and shell beds. 
Locally also the formation is conglomeratic and at other places highly carbonaceous. 

Toward the end of the lake’s existence, the feeding streams brought in an abun- 
dance of sand and mud, which gradually filled the lake and made it shrink progres- 
sively to extinction. 

Actually, there were three Green River lakes: Lake Uinta, the largest, south of 
the Uinta Mountains, in Utah; Gosiute Lake, the next largest, in Wyoming; and an 
as yet unnamed lake that occupied the relatively small basin in extreme western 
Wyoming now known as the Fossil Syncline. In speaking of one lake I have had in 
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mind Gosiute Lake whose inferred maximum area was about 12,000 square miles. 
According to an estimate I made some years ago Gosiute Lake and the Fossil Syn- 
cline lake, at their maximum extent, occupied about 36% of their combined hydro- 
graphic basins. There is good evidence to indicate that many times in its history 
Gosiute Lake maintained a static stage during which it lost by evaporation from its 
surface as much as it received from rainfall and inflow. An analysis of the probable 











Ficure 4.—Schematic cross section of the Bridger Basin of Wyoming 


Showing the relationship of the lacustrine Green River formation to the enclosing fiuviatile deposits of the Wasatch 
and Bridger formations. 


rates of evaporation and transpiration from vegetation and other factors involved 
(Bradley, 1929, p. 88-95) led me to conclude that the average annual rainfall of the 
region was between 30 and 40 inches. The same report gives an analysis of the 
probable ecology of the large Green River flora as interpreted by Roland Brown, 
E. W. Berry, and F. H. Knowlton. These paleobotanists concluded that the Green 
River flora would find a congenial environment along our present Gulf Coast and 
in the south Atlantic States. Accordingly, the average annual temperature may have 
been about 65°F. However, since Gosiute Lake was in the interior of the continent 
the temperature probably departed rather widely from this mean. It probably 
stayed above freezing and the summers were probably long and hot. 

The geologic characteristics of the hydrographic basin were of significance to the 
ancient lake. The mountain ranges have an abundance of limestone and limy 
rocks and in several localities there are bedded rock phosphates. Under the inferred 
warm, moist climate these, and the associated rocks, were probably deeply weathered 
and the soils on the foot hills and lowlands were probably deep and fertile. A 
moderate amount of geologic and paleontologic evidence supports this inference but 
it can not conveniently be compressed into small enough compass to be presented 
here. 

We have just considered the setting—the framework—within which can be re- 
constructed all the events of the Green River epoch. To attempt anything like 
a complete reconstruction, however, would be folly. Consequently, I have selected 
three distinctive features of the Green River formation to interpret in terms of the 
paleolimnology of the Eocene Green River lakes. These are the carbonate sedi- 
ments and carbonate minerals, the oil shales, and the varved sediments. 

Predominance of Carbonates: The bulk of the deposits making up the Green River 
formation are marlstones, that is either limy mudstones or muddy limestones. 
These are slightly magnesian. In the shore facies limy algal deposits and odlites are 
common. How does it come about that the whole formation is so rich in carbonates? 
The explanation seems to me to run like this: Nearly all the streams that drained 
into the lake crossed upturned limestones or limy formations in the neighboring 
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mountains. We have deduced that the climate of the area was warm and relatively 
moist. In such regions the streams are characterized by carbonates in solution. In 
the rivers of the eastern Gulf Coast States calcium carbonate makes up about 40 per 
cent of the total dissolved solids. Silica comes next and sulphates and chlorides 
run a poor third and fourth respectively. The lake therefore had an abundance 
of carbonates brought to it. Now the lake occupied so large a portion of its hydro- 
graphic basin and the temperature was such that each year most of the accession of 
water was lost by evaporation rather than by overflow. Indeed, for long intervals 
the lake had no outlet. This means that most of the dissolved carbonates were 
caught and held in the lake basin. Within the lake two factors tended to precipitate 
the calcium and magnesium carbonates: 1) the summer warming of the water, which 
decreases the solubility of these carbonates, and 2) the photosynthesis of the algae, 
which takes carbon dioxide out of the system and thereby raises the pH values, 
which increases the concentration of normal carbonates until the solubility product 
is exceeded and the calcium and magnesium carbonates are thrown down. Further- 
more, this photosynthetic effect was probably large because of another limnologic 
factor. Lake water rich in dissolved calcium carbonate means a lake that has a 
high production of organisms, one of that class of lakes that become green and turbid 
with microscopic organisms during the summer, provided other nutrients like phos- 
phates and nitrates are also present. Of course we know from purely geologic evi- 
dence, namely, the abundance of organic matter in this formation, that the lake hada 
very high biological productivity. Thus it came about that through thermal effects 
alone calcium and magnesium carbonates were precipitated from the surface waters 
all over the lake, and particularly in the shoal waters, for there the water tempera- 
tures reached a maximum. In addition, photosynthesis of planktonic algae ac- 
counted also for carbonate precipitation all over the lake and, near the margins, it 
accounted for the deposition of massive and bedded algal reefs. 
Carbonate Minerals: At times during the lake’s history its volume was so reduced 


that sodium carbonate minerals were deposited either as evaporites or as crystals 


that grew in the muds. 


Saline Minerals from the Green River formation 


Shortite NazCO3-2CaCOs 

Trona NaeCO3-NaHCO;-2H:0 
Pirssonite NazCO3-CaCOs3-2H:0 
Northupite NazCO3-MgCO;- NaCl 
Gaylussite NasCO3-CaCO;-5H:0 
Bromlite (Ca,Ba) COs 

Bradleyite NazPO,-MgCO; 


Observe the general aspect of the group. They are all carbonates—no sulphates. 
Only one contains chloride as part of a three component mixed salt. Four of the 
seven are anhydrous. The trona is probably an evaporite as,it occurs in a bed 8 
to 10 feet thick. Shortite occurs as crystals that clearly grew in the mud and is 
exceedingly abundant through nearly 800 feet of beds in the central part of the 
Gosiute Lake Basin. It is a new mineral discovered by J. J. Fahey (1939, p. 514- 
518) of the Geological Survey and is known only at this locality. The system Na,CO; 
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—CaCO; has been studied to some extent by chemists and, I am told, at least one 
man is on record that this compound cannot exist. It seems to me another illustra- 
tion of the remarkable phenomenon of geology wherein a rare combination of factors 
provides the necessary environment for the formation of an unusual mineral and 
then persists without significant change until huge quantities of the rare product 
have formed. The great cryolite deposit of Greenland is another example and so 
are the borate deposits of California where kernite was formed in great abundance. 
The montan wax deposits in the brown coals of Germany might also be added. I 
confess that contemplation of these laboratories of nature where a complex dynamic 
system remains so long in apparent perfect balance fills me with something very 
close to childlike wonder. 

Northupite is also a rare mineral but is abundant in the Green River formation. 
Bromlite is another rare one. Bradleyite is a curious combination of sodium phos- 
phate and magnesium carbonate (Fahey and Tunell, 1941, p. 646-650). Synthesis 
of these minerals offers a real challenge and I hope that Mr. Fahey’s war-interrupted 
studies of them can some day be resumed and completed. 

The presence of these saline minerals is good evidence that Gosiute Lake at times, 
during its life of some 5 million years, was reduced to rather small size. When the 
water level rose again, through change of climate or possibly by enlargement of the 
drainage basin by stream capture, I infer that a body of relatively saline water re- 
mained in the deeper part of the basin. Indeed, some limnologists think that only a 
stratification made by a saline hypolimnion is stable in a large lake. 

Organic Sediments: Many of the beds of the Green River formation contain organic 
matter and some contain so much that they are classed as oil shale. The organic 
content ranges from a trace to more than 80 per cent by volume. The organic matter 
itself is not black carbonaceous stuff but hard, reddish yellow material that has 
somewhat the consistency of certain plastics or vulcanized rubber. On distillation 
it yields oil similar to crude petroleum. In the oil shales of the whole Green River 
formation, in all three states, the reserves of crude shale oil have been estimated at 
more than 75 billion barrels (Winchester, 1928, p. 13). Whether it is ever used will 
depend upon the economics and technology of the oil industry. 

Our problem at the moment, however, is to answer the questions why the great 
abundance of organic matter and how did it come to be preserved? The distribu- 
tion of the organic matter and its lack of the remains of large plants indicates rather 
clearly that it originated in the lake and that it was derived from small organisms and 
micro-organisms that lived in the lake. The great abundance of the organic matter, 
apart from any other consideration, is compelling evidence that Gosiute Lake was 
highly productive. This means that the water not only was rich in dissolved calcium 
and magnesium carbonates, as we have already seen, but that it had continuing 
supplies of dissolved phosphate and nitrates. Presumably the phosphate was de- 
rived from the small but ever present amounts in the thick sections of sedimentary 
beds in the adjacent mountains and the nitrates from the lush vegetation and the 
large animal population that lived on the land and in the streams and marshes along 
the lake margin. Crocodiles, large turtles, and birds are known to have been plenti- 
ful. Nitrogen was probably fixed from the air by some of the algae that lived in 
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the lake. Judging by analogy with modern lakes the nitrogen was probably carried 
down and preserved in the bottom sediments in the cell walls of certain bacteria. 
The nitrogen content of the oil shale is directly proportional to the total amount of 
organic matter and in some rich shales runs up to as much as 1} per cent by weight 
of the rock. This implies a large continuing supply of nitrates to, and within, 
Gosiute Lake though the quantities of all the nutrients were probably increased 
periodically by shrinkage of the lake volume. 

To explain the preservation of the organic matter we can turn again to modern 
lakes where abundant organic matter is preserved only in the stagnant parts where 
oxygen is scarce or absent and the water is charged with hydrogen sulphide. Only 
if Gosiute Lake were stratified, therefore, would it have been likely to preserve so 
much organic matter. Moreover, the observed saline minerals make it probable 
that the stratification was a chemical one and that most of the organic matter ac- 
cumulated in a saline hypolimnion that persisted for thousands of years. On the 
other hand, since some oil shale was formed without saline minerals, Gosiute Lake 
probably was thermally, rather than chemically, stratified at some of its highest 
stages. 

All the elements of this picture seem consistent—the geologic evidence agrees 
with the conditions inferred from the paleolimnology. One further geologic fact, 
however, supports the inference that the organic matter of the oil shale accumulated 
in a stagnant hypolimnion. The oil shale contains a considerable amount of pyrite 
that was deposited in the muck before compaction and diagenesis. 

Entombed in the organic matter are many kinds of complete or fragmentary or- 
ganisms (Bradley, 1931, p. 22-54). Among these are fungus spores, most of which 
were probably carried into the lake by the wind. At times wind carries incredible 
numbers of fungus spores. Records are available of times when as many as 1,000 
spores per square centimeter fell (Durham, 1942, p.42-44). This is enough to make a 
virtually continuous layer one cell thick of fungus spores. Spores of higher plants 
and pollen grains in the oil shale were surely wind borne. Pine and spruce pollen 
grains are common and distinctive. They are fitted with relatively large air sacks 
that enable them to float in the air for many miles. Although pine and spruce pollen 
is abundant, seeds are rare in the Green River formation. I conclude that pine and 
spruce grew high in adjacent mountains. With the spores and pollen grains are 
microscopic algae that grew in the lake and that closely resemble living forms. The 
compound eyes of minute adult insects—a few with the partially crushed wings and 
body parts attached are common in some oil-shale beds. The soft lens parts of the 
eyes were decomposed leaving only the netlike supporting tissue which presumably 
consisted of cuticular protein. Along with all these other organic remains are wing 
scales from mosquitoes, probably the most trivial things in the world, for what could 
be more trivial than a few microscopic scales from the wing of a mosquito that has 
been dead some 30 or 40 million years? I like to think of the violent contrasts that 
this formation offers—at one extreme these dustlike remnants of a long dead mosquito 
and at the other potential billions of barrels of oil—more than 3 times our total known 
reserves of petroleum. 

Preserved in the organic marlstone under somewhat less well understood condi- 
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FicureE 1. THe UNpIstuRBED ARRANGEMENT OF DELICATE BONES AND TAIL AND Fin Rays 
In life, these were held in that arrangement by tissues rather than by articulation of the skeleton. 
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Ficure 2. THe ARRANGEMENT OF SCALES ONLY SLIGHTLY MopiF1Ep Durinc Decay, 
BuRIAL, AND FOSSILIZATION OF THE FIsH 


FOSSIL FISHES EMBEDDED IN VARVED MARLSTONE FROM THE GREEN RIVER 
FORMATION, FOSSIL, WYOMING 
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tions are other remarkable fossils, including enormous numbers of fly maggots that 
lived in decomposing organic matter, presumably in shallow water, and a large fauna 
of finely preserved adult insects. 

Varved Sediments: Plate 1 shows a thin section of the varved marlstone in the 
small unnamed Green River lake west of Gosiute Lake, where the varves are better 
developed. Each varve, or annual deposit, consists of a layer of microgranular 
carbonates and a thinner, dark layer of organic matter. 

The problem is to identify these rhythmic sediments with the annual cycle. Once 
more we can turn to the sediments in modern lakes for an analogy—this time to the 
lake of Ziirich in Switzerland where Friedrich Nipkow (1927, p. 71-120), a student 
of diatoms studying the cyclic variations in the growth size of the plankton diatoms, 
took core samples of the mud in the deep central part of the lake. These sediments, 
he observed, were laminated—one thin layer of microgranular carbonates and one 
layer of organic matter. He surmised that these were annual deposits because he 
had observed that each summer particles of calcium carbonate were precipitated out 
of the surface waters of the lake in sufficient abundance to clog his plankton nets. 
Then he counted the pairs of layers downward in the core until he came to a very 
thick muddy layer. According to his count this corresponded to the year when a 
large part of the lake shore had caved off and slid into the lake making it muddy. 
He counted back several more years to another cave-in and its corresponding thick 
mud layer. And farther down to a third one. Next he sliced each thin organic 
layer into 5 or 10 thin slices and studied the diatoms in each slice. Indeed, he meas- 
ured 100 specimens in each so as to get statistics on the size variations. He found 
the spring diatoms, the summer diatoms, and the autumn diatoms! Then he plotted 
their size distribution and compared the uppermost 8 years of their variations ob- 
tained from the sediments with similar measurements made from his past 8 years 
of collections from the surface waters. The curves agreed. Thus he did two things: 
he obtained his statistics on the cyclic growth of diatoms and unwittingly gave 
geologists a most convincing demonstration of the existence of nonglacial varves. I 
feel that such demonstrations are of the utmost value to geology—they are unequiv- 
ocally objective. May I reinforce this with another example. By far the best 
paper on the origin of odlites that I know was written by Heinrich Schade (1909, p. 
263-265), a physician who was studying the formation of bladder stones. He was 
well founded in physical chemistry, biochemistry, and colloid chemistry and, fortu- 
nately, was quite ignorant of the geological literature on odlites. 

Nipkow made another significant observation. He found the varved sediments 
only in the deep parts of the hypolimnion of the lake of Zurich where dissolved oxygen 
was absent and where no bottom fauna lived that could work over the mud and so 
spoil the lamination. 

I think the analogy with Nipkow’s laminated lake sediments adequately identifies 
these paired laminae in the Green River formation as varves. But there is abundant 
additional evidence, were it needed. 

In Figure 5 I have tried to reconstruct the paleolimnology of the small unnamed 
Green River lake in extreme western Wyoming. The lake basin was relatively deep 
and nearly free from saline minerals, hence I conclude that it was thermally stratified 
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for the long summer during which calcium and magnesium carbonates were precipi 
tated from the surface waters by summer warming and by photosynthesis. When 
these particles reached the hypolimnion, which was acid because of its content of 
carbon dioxide and hydrogen sulphide much of the carbonate went back into solv 
tion and was held so until the one overturn of the year. According to Strém (1945, 

















FiGurE 5.—Schematic cross section of the ancient Eocene lake that once occupied the Fossil syncline in 
western Wyoming 


Showing seasonal variations of temperature distribution; circulation; thermal and partial chemical stratification; 
and, in part, changes in the hydrogen ion concentration; content and distribution of dissolved gasses; and solid and dis- 
solved carbonates. 


p. 1-16) dissolved carbonates may well enhance the stability stratification. During 
the period of complete circulation the pH value of the hypolimnion was raised by 
dissipation of the hydrogen sulphide and excess carbon dioxide and also by mixing 
with the more alkaline surface water. At that time also, the bulk of the normal 
carbonates were precipitated. This is admittedly an extreme picture and probably 
some of the carbonate came down to the bottom throughout the greater part of the 
summer. This stage was followed by the much slower settling of the organic matter 
during the rest of the year. 

In this basin (Fossil, Wyo.) hundreds of thousands of beautifully preserved fish 
are entombed in the varved sediments. Even the delicate fin and tail rays and other 
bones originally held in place only by tissue are virtually undisturbed (PI. 2, fig. 1), 
and even the scales are in place almost completely undisturbed (Pl. 2, fig. 2). It 
seems to me that the picture of this lake as a thermally stratified water body provides 
nearly all the necessary information to account for the excellent preservation of these 
fish. Only in the stagnant hypolimnion could they have escaped being 'torn to pieces 
by scavengers or disturbed by bottom feeders. It is significant that all the well 
preserved fish are in varved sediments. Those in nonvarved sediments are a dis- 
ordered mass of broken and chewed up bones. 

The only part of the story lacking now is how the fish died and got into the hypo- 
limnion. Limnology offers two possible explanations. Sometimes when the sur- 
face of a lake gets excessively warm, fish will plunge into deep water and might thus 
penetrate the hypolimnion, be overcome by hydrogen sulphide, and also have the 
gas in their swim bladders chilled so that they sank at once to the bottom. Once 
there, only anaerobic bacteria would attack them. The other hypothesis is that 
the thermally stratified lake was suddenly chilled so that it overturned more rapidly 
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than the hydrogen sulphide could be oxydized and so killed off large numbers of 
fish. This seems a little more probable as the fossil fish are of all ages and kinds. 


CONCLUSIONS 


The foregoing consideration of a brief portion of earth history has prompted me 
to look inquiringly at the science of geology. Like limnology, geology is a derived 























Ficure 6.—Restoration of the southern shore of the Eocene Gosiute Lake 


science. It takes much of its substance from physics, chemistry, and biology. It 
also draws on oceanography, volcanology, and climatology. But what is the central 
theme peculiar to the science of geology—that core which is not derived from any of 
the sister disciplines? Perhaps you will agree that it is the history and constitution 
of the earth. And how do we reach an understanding of the history and constitu- 
tion of the earth? Very largely by observing earth processes that are going on today 
—volcanic and glacial action, geochemical and geophysical changes, marine and 
terrestrial ecology, or geobiology if you will. All these we can observe and measure, 
either in nature or as scale models in the laboratory. We, as geologists, however, 
are doing far too little of this kind of work—and to the detriment of geology. It 
is one of the sure ways we can carry a quantitative approach right into the heart of 
geology; and today geology needs that quantitative attribute. Truly basic research 
in geology is lagging behind most of the other sciences. The collateral branches of 
science from which we derive substance may be regarded as springs and, as one of 
my colleagues aptly said the other day, “unless geology goes out and drinks deeply 
at those springs it will surely wither”. 

I have digressed from my principal theme. In closing let me return to it breifly— 
you will see by this sketch (Fig. 6) that in attempting to use limnology to interpret 
the deposits of the Eocene Green River formation I have let my imagination run 
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freely. This represents, in my imagination, a tranquil day some 30 or 40 million 
years ago on the south shore of Gosiute Lake where two four-toed horses are mildly 
startled by the rumbling of a distant volcano. As long as I can remember I have 
loved lakes. I count this one among my favorites. I wish to impress on you, how- 
ever, that what I have depicted here is not all imagination. The four-toed horses 
and the handsome tree near which they stand I cribbed shamelessly from a painting 
by Charles R. Knight (1935, p. 72, 83) of the American Museum. 
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THE GEOSYNCLINAL THEORY 


(Address as Retiring President of the Geological Society of America) 


BY ADOLPH KNOPF 


INTRODUCTION 


The type geosyncline, as is well known, is the Appalachian geosyncline. James 
Hall, the founder of what is here called the geosynclinal theory, first set forth the 
fundamental concepts in his presidential address at the meeting of the American 
Association for the Advancement of Science at Montreal in 1857. The novel and 
powerful ideas announced at that time were regarded as extravagant by some of his 
audience, and shortly afterward the Secretary of the Society, the eminent Joseph 
Henry, wrote Hall a friendly letter cautioning him to go slowly in advocating his new 
ideas. Probably that is why the presidential address was not published until 1882. 
In the meantime, however, Hall had given in his volume on Paleontology published 
by the Geological Survey of New York under date of 1859, a far more effective presen- 
tation of his ideas than in the presidential address, and had analyzed the evidence 
on which they were based. He formulated the principle that “‘the direction of any 
mountain chain corresponds with the original line of greatest accumulation, or that 
line along which the coarser and more abundant sediments were deposited.” 

In the Appalachian region, as Hall pointed out, nearly 40,000 feet of shallow-water 
beds were laid down, ten times the thickness of the sedimentary series farther west 
in the Mississippi Valley. These figures appear still to hold their validity. The 
heavy localized sedimentary loading caused the crust to subside, and the axis of the 
trough thus formed determined the trend of the future mountain range. The sub- 
sidence of the trough, Hall thought, inevitably caused the strata to be folded, but this 
folding was not the factor that gave the mountain range its height; rather the thick- 
ness of the pile of strata determined the height of the range. Anticipating future 
ideas, Hall suggested that the downwarping of the sediment-laden trough caused the 
subcrustal material beneath the trough to flow laterally under the area that supplied 
the sediments [Appalachia] and also under the foreland, thereby causing these areas 
to rise. Only in recent years, as the implications of the doctrine of isostasy have be- 
come recognized, have these ideas become accepted. 

Although Hall claimed to have supporting testimony from the Rocky Mountains 
for his theory, little or nothing was then positively known of that region. His great 
generalization was in the fact an “induction” based on a single example, the Appa- 
lachians. 

In 1866 Dana pointed out that the elevation of the mountains is left unexplained 
in Hall’s theory of the origin of mountains. Later he gave a clear analysis of the main 
points of Hall’s theory, and reiterated his objection of 1866 that Hall had in no way 
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explained the uplift of the mountain—“the event upon which the existence of any 
mountain depends,” and he therefore pronounced the theory to be seriously deficient 
(1873a). In the same year Dana published his epochal contributions on the origin 
of mountains. In the first of these papers (1873b, p. 430) he named the downwarp 
of the crust in which the sediments accumulated a “‘geosynclinal,” a term since altered 
in Anglo-Saxon usage to “geosyncline.” 

In these papers Dana added to Hall’s theory the fundamental idea that during the 
collapse of the geosyncline great folds are pushed up by the action of lateral pressure, 
forming a lofty fold-chain, or as he called it, a “synclinorium.” He pointed out also 
that the subsidence of a geosyncline to a depth of 35,000 or 40,000 feet meant that a 
mass of mobile (viscous or plastic) rock, 7 miles in maximum depth and more than 100 
miles wide, was pushed aside. ‘What became of it?” he asked. In the main, it 
moved eastward, Dana argued, and caused the tract bordering tiie sea on the eastern 
side to be arched up as a geanticline parallel with the subsiding .rough. The height 
of this geanticlinal arch would have depended on how far the “mobile rock” could 
have moved eastward. Thus Dana brilliantly anticipated many later ideas. At 
this time (1873c) he adopted from T. Sterry Hunt, as he himself records, the impor- 
tant idea that the floor of a geosyncline because of its deep subsidence becomes 
weakened by the resultant rise of the isogeotherms, and that this weakening causes 
the eventual folding of the geosynclinal sediments and the birth of the mountain 
range. 

In the final edition of the famous Manual of Geology, in 1895, Dana recognized 
the great importance of the geosynclinal concept by pointing out that Hall’s presen- 
tation in 1859 “was the first statement of this grand principle in orography.” Dana 
then concisely formulated the theory, and this formulation can be taken as giving 
the American notion of the theory at the turn of the century. The Hall-Dana 
theory that mountain chains are born of geosynclines comprised two main tenets: 
(1) a preparatory stage during which sediments accumulate in a geosyncline, thereby 
determining the site of the future mountain range and (2) the mountain-making 
crisis, short in duration, during which the strata are folded and faulted. That the 
geosyncline was an asymmetric trough bordering an oldland, that it slowly deepened, 
and that concurrently as it subsided it was kept filled with coarse clastic sediments, 
these ideas, as we have seen, were part of the original concept. Hall had also some 
remarkable ideas on metamorphism, such as that “the metamorphism is due to mo- 
tion, or fermentation and pressure aided by a moderate increase of temperature, 
producing chemical change,” but Dana disregarded them, as well he might. 

Dana added, remarkably enough in view of the fact that he was then in his 82nd 
year and that isostasy as a geologic doctrine had been formulated only a few years 
before by Dutton in 1889, that an orogenic revolution proceeds conformably with the 
principles of isostasy—an advanced viewpoint not generally reached until two or 
three decades later. 

From this time onward the Hall-Dana theory passed into world literature, It 
began to grow magnificently. It became also much metamorphosed, so that versions 
differing much from the original began to appear. In France the change began with 
the masterly analysis of the problem by Bertrand (1897), whose ideas were more 
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fully developed by Haug (1900). These ideas appear still to comprise the funda- 
mental tenets of French geologists, as may be seen on reading the most recent edition 
of Gignoux’s Géologie Stratigraphique (1943). According to L. De Launay, in his 
lucid volume Géologie de la France (1921), “‘a geosyncline is by definition an impor- 
tant long zone in which bathyal' deposits continuously accumulated to such a thick- 
ness that we must conclude that deepening went on simultaneously with accumula- 
tion.” Leuchs, in 1927, discovered that “we now! know that geosynclines need not 
be very deep,” exactly 70 years after James Hall had announced that idea. 


EXPANSION OF THE GEOSYNCLINAL THEORY 


It is not with such mutants that we are here concerned, but rather with the notable 
additions to the original Hall-Dana theory. These additions involve (1) volcanism 
and intrusion during the growth of the parent geosyncline; (2) isostatic contro] during 
the folding consequent upon appression of the geosynclinal sediments; (3) metamor- 
phism resulting from geosynclinal conditions and the events attending the folding; 
(4) batholithic intrusion, syntectonic and epitectonic, and the relation between 
batholithic intrusions and the successive epochs of foldings that comprise a large- 
scale orogenic revolution; and (5) metalliferous deposition as aftermaths of the suc- 
cessive cycles of igneous activity during the orogenic revolution. This greatly de- 
veloped and expanded form of the Hall-Dana theory is referred to herein as “the 
geosynclinal theory.” It constitutes a great—probably one of the greatest—unifying 
principles in geologic science. I propose to examine critically the tenets of the 
geosynclinal theory, with emphasis on the role of igneous activity. The relation of 
geosynclinal conditions to metamorphism has remained largely outside the scope of 
this analysis. 

Not often have the tenets of the geosynclinal theory been confronted with the field 
facts. Born (1930) has analyzed the Cape Mountain fold-chain of South Africa to 
see how far it conforms to our knowledge of orogeny and to our assumptions. F. E. 
Suess (1937) and Hess (1940), writing from very different viewpoints, have adversely 
criticized the geosynclinal theory and deny it én toto. 

De Launay (1921) in a brilliant chapter on the Les Chaines de Plissement in his 
Géologie de la France gives a comparative study of the three Cenozoic fold-chains of 
France—the Pyrenees, the Alps, and the Jura—and the role the geosynclines have had 
in determining their histories. A fold-chain is built, then demolished by peneplana- 
tion, and a new range is built on the same site. Thus the Alpine chain is superposed 
in large part on the more ancient Variscan chain. ‘Nature has acted here just as 
man does, who ceaselessly rebuilds upon the same ruins.” 

A French addition to the geosynclinal doctrine, apparently first added by Termier 
(1903), is that regional metamorphism—“‘the most energetic and intense of all the 
metamorphisms,” is determined by geosynclinal conditions, and this idea has recently 
been taken over by Finnish geologists to account for the zonal arrangement of meta- 
morphism. In this concept a gneiss belt represents the keel of a geosyncline exposed 
by profound erosion; it is flanked on each side by a belt of mica schist which grades 





1 Italics supplied by the present writer. 
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outward into phyllite. This idea appears to need the support of more field facts 
before it can be safely integrated with the geosynclinal theory. 


OROGENIC PHASES OF THE GEOSYNCLINAL REVOLUTION 


The geosynclinal doctrine has been developed more extensively in connection with 
the Variscan Mountains of Middle Europe than with any other fold-chain. The 
immense number of detailed studies—English, Belgian, French, German, and Aus- 
trian—give us a remarkable store of facts and interpretations on (1) geosynclinal 
sedimentation, (2) the igneous activity during the evolution and revolution of the 
geosyncline; (3) folding during the several orogenic crises that comprise the revolu- 
tion; (4) metamorphism and the development of palingenic granites; and (5) metallo- 
genetic epochs related to the granites intrusive during the successive orogenic crises. 

According to some authorities the Variscan geosyncline came into existence early 
in Cambrian time and lasted until late in the Carboniferous. Although it was 
affected by the Caledonian folding near the end of the Silurian, it is thought not to 
have been blotted out at that time but to have received its greatest volume of sedi- 
ments during the Devonian. In contrast to this view, the Variscan geosyncline is 
more generally considered to have begun forming early in the Devonian. It ex- 
tended from Cornwall eastward across northern France, Belgium, and Germany to 
Poland (Fig. 1). About 40,000 feet of strata were laid down in the deepest part of 
the trough during the Devonian. Pillow lavas of keratophyre and diabase were co- 
piously erupted during the quiet of geosynclinal sedimentation. 

The later history of the geosyncline comprises an extraordinary number of oro- 
genic phases and plutonic intrusions accompanying the successive orogenic phases; 
and it is this history, deciphered in illuminating detail, that makes the Variscan 
geosyncline particularly significant to geologic theory. 

The name “Variscan” was given by Eduard Suess to the hypothetical mountain 
arc of late Paleozoic age whose roots are exposed in a belt that extends from the 
Central Plateau of France northeastward to the Elbe and thence southeastward to 
the Sudetic Mountains between Silesia and Bohemia (Fig. 2). Subsequently, ‘“Var- 
iscan’”’ has come to be used in two other senses: (1) as the direction of fold axes, and 
(2) as the name for the folding (or orogeny) that extended in time from late Devonian 
to the end of the Permian. From 1920 onward Stille has given more and more de- 
tailed precision to the term “Variscan” as an overall concept for a long-continued 
crustal revolution of late Paleozoic age. He now recognizes nine separate phases of 
folding, as shown in Table 1. “Hercynian” is a name frequently used for this revo- 
lution, particularly in France. According to Haug (1907), a period of diastrophism 
began near the end of Early Carboniferous time and continued through the Permian; 
“these foldings we call Hercynian, quoique ce terme soit impropre.” The term Varis- 
can is therefore preferred here. 

Practical requirements, caused by the absence at many localities of the precise 
stratigraphic data necessary to date a given pulse, make it convenient to use a hier- 
archy of terms, in which the successive phases are grouped in triads: Early Variscan 
comprises the first three phases, Middle Variscan the next three, and Late Variscan 
the final three. The Early Variscan and Sudetian (4) phases were the most powerful 
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in the axial portions of the folded belt of Central Europe, whereas the later, Asturian 
(6) folding was the most intense in the northern border zone of the geosyncline, 
acutely folding the paralic coal belt that extends from Belgium to Westphalia (Fig. 3). 
In general the orogenic phases of the Variscan revolution increased in intensity during 
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Ficure 2.—Diagrammatic cross sections showing the development of the Variscan mountains 
(Modified from Stille, 1929) 
The North Trough comprises the Devono-Rhenan Zone and Saxothuringian Zone of Fig. 1 


early Carboniferous time, reached a powerful climax approximately at the end of 
Mississippian time in the Sudetian phase (4), and became feeble in the Permian. 
These terms have received general assent, probably because they are convenient, 
but they have the added merit that they sharpen our concepts as to what happens 
during a major orogenic revolution.2 American geology would be enormously helped 
if the Laramide revolution, which is now known to consist of at least eight pulses 
extending from Cretaceous to Oligocene, were to receive an analogous, widely accept- 
able mode of naming. As part of his orogenic time law Stille holds that the principal 
folding phases are essentially synchronous throughout the world, although not 
necessarily of the same intensity in all parts of the world, and that therefore the 
terms are applicable the world over. The Appalachian revolution is accordingly con- 
sidered by Stille (1929) to be Variscan, and its main phase, possibly its only phase, 





2 A less appreciative view is expressed by Gignoux (1943). ‘La distinction et la nomenclature des diverses phases suc- 
cessives de plissement ont été poussées & l’extréme par H. Stille (Grundfragen der vergleichenden Tektonik, Berlin, 
1924); mais le nombre de ces phases s’accrolt sans cesse A mesure que progressent les études de détail; (p. 158) visiblement 
ce ne sont que des étapes dans le continu.” But the force of these remarks is weakened when we find that “continuity 
of folding” is held to mean intervals between pulses as long as all Westphalian time (p. 193). 
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was the Saalian (7), as Stille suggested in 1924, a suggestion later concurred in by 
R. C. Moore and R. T. Chamberlin. 

During Devonian time the Variscan geosyncline, specifically that portion of it 
termed by Haug (1910) the Devono-Rhenan geosyncline, received sediments from 


TABLE 1.—Variscan revolution* 
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* Modified from Stille (1928). The numbers in parentheses after the successive orogenic phases have been put there 
as aids to remem! e sequence. Roman numerals indicate the fourth and fifth biostratigraphic stages of Late 
Devonian time. The Wocklumeria stage is regarded by Gignoux (1943) as earliest Carboniferous. 
the north, where lay the landmass called the Old Red continent or North Atlantic 
continent. As the Devonian went on, the geosyncline widened, lengthened, and 
deepened continuously, attaining its maximum extent and depth near the end of the 
period. 

The Marsian (1) phase, named by Schindewolf in 1926, is the oldest definitely 
dated of the long series of diastrophic pulses of the Variscan orogeny. ‘“‘Bretonian” 
had earlier been given by Stille to the opening phase of the Variscan revolution, but 
according to Schindewolf the Bretonian phase really comprises three separate pulses, 
for the first of which he proposed the name Marsian. The Upper Devonian of Ger- 
many, on the basis of goniatite evolution, is subdivided as of 1938 into five biostrati- 
graphic stages. As the result of progressively sharpening stratigraphic and paleon- 
tologic work the Marsian folding has been shown to fall into the middle of Upper 
Devonian stage IV, comprising the Dasberg beds. The topmost Dasberg beds and 
the overlying beds of the Wocklumeria stage, Upper Devonian (V), 80 meters thick, 
pass without a break into the Lower Carboniferous. This close determination of the 
time of folding was first made by Gallwitz in 1928 and later confirmed by others at 
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several localities, but such precision is seldom possible; it was accomplished by using 
the principle that the zone in which the folding dies out should show only a short 
interruption of sedimentation and consequently the age can be most closely deter- 
mined there. The angular discordance at the type locality, amounting in places to 
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Ficure 3.—Diagram showing distribution of dominant folding—Sudetian (4) and Asturian (6)—in 
the Varisce:: Orogeny 
(Some localities where Early Variscan folding (Bretonian) has been recognized are shown by the letter b.) 
RS = Rhenish Schiefergebirge; H = Harz; V = Vosges; J = Jura; BF = Black Forest; E = Erzgebirge; R = Rie 
sengebirge. 


30°, is a real unconformity, involving folding and erosion of the lower beds. This un- 
conformity is confirmed elsewhere by a basal conglomerate, transgressive on several 
zones of the Upper Devonian. The discordance at Warstein in Westphalia is as much 
as 90°, according to Paeckelmann and Richter (1938). 

The brief time allowable for the folding and subsequent erosion fits in well with 
one of the principal orogenic tenets of Stille, namely that individual orogenic pulses 
are exceedingly short. Except for the upper portion of the Dasberg beds, nothing 
of the Upper Devonian is absent. The time indicated is indeed so short that Paeck- 
elmann favored the idea that the folding and erosion were submarine. However, 
when we contemplate what the California geologists are finding about the Mid- 
Pleistocene orogeny—the Coast Range orogeny of Reed or Pasadenan of Stille—that 
a right-angled unconformity was formed, and 5000 to 16,000 feet of strata were re- 
moved by denudation, during which the Early Pleistocene beds became beveled by 
an erosion surface that attained late maturity (Putnam, 1942), all this in a small 
fraction of Pleistocene time, then perhaps the Marsian phase may be considered to 
be an orogenic phase of average duration. 

The close dating of the successive phases of the Variscan revolution has been sub- 
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ject to some changes as results of increases in paleontologic information and changes 
of view as to the time values of certain fossils. In 1930 the Stieger beds in the Harz 
Mountains, the best known relic of the Variscan Mountains, were thought to be Early 
Carboniferous, but the finding of Tentaculites in them, proved them to be Devonian. 
The Selkian (3) phase, which had been defined by the stratigraphy and tectonics of 
the Stieger beds, thereby became indeterminate as to its precise position in the Early 
Variscan folding, because from the new evidence it might be either Marsian (1) or 
Nassauan (2). ‘“‘Cravenian,” from the Carboniferous of England, is suggested by H. 
Schmidt (1939) as more appropriate than Selkian. 

The Marsian is considered to belong to the Variscan cycle because the folds it pro- 
duced strike parallel to those formed during the later Variscan foldings. Although 
few geologists have shown an inclination to include in the Variscan (or Hercynian) 
any orogenies earlier than the Marsian, the problem in its broader aspect is still open, 
namely, when does a revolution begin and when does it end? Witness, for example, 
the recent account of the Wasatch Range by Eardley (1944), in which a “Sierran- 
Laramide” revolution is recognized, thus linking together two mighty revolutions. 
The conjoint revolution is held to be marked by seven stages of compressional defor- 
mation, each of which was followed by erosion and the development of unconform- 
ties, in the span of time extending from late Jurassic to Oligocene. 


IGNEOUS ACTIVITY DURING GEOSYNCLINAL EVOLUTION AND REVOLUTION 


The important idea that geosynclinal evolution and the orogenic revolution 
determined by it are marked by a definite cycle of igneous activity was outlined by 
Daly (1912). Somewhat later, the hypothesis was developed in more extended form 
by Kossmat (1921). During Stage I, the stage of geosynclinal sedimentation, 
according to Kossmat, submarine basalts are extruded in great volume, accompanied 
by intrusions of gabbro and peridotite. These basic rocks collectively are called 
“ophiolites.” This igneous activity and its products are held to prove that the crust 
at this stage in the life of a geosyncline is underlain by heavy basic magma (sima). 
In the next Stage (II), the stage of folding, the kind of magma generated and the 
resulting igneous activity change markedly: granite magma now becomes the domi- 
nant kind, having been formed by the dissolving of the sialic roots of the folds that 
had subsided deeply into the sima in restoring isostatic equilibrium. At or near the 
end of the stage of folding, Stage III, marked by isostatic subsidence and granitic 
intrusion, sets in. The crust, which becomes greatly stiffened and rigidified by the 
folding and by the enormous masses of granite intruded into it, is no longer foldable, 
therefore breaks by faulting. These faults facilitate the eruption of lavas, and Stage 
III is therefore likely to end with the extrusion of lavas on the Earth’s surface. 

Kossmat further laid down the principle that the fold-chain grows not only in 
height but also, because of its weight, in depth. The fold-chain projects downward 
roughly nine or ten times its height. Furthermore, the weight of the fold-chain 
causes the adjacent foreland to be downwarped. A new trough is thereby formed 
that flanks the rising fold-chain. Such a bordering trough, a “geosyncline of the 
second order,’’ becomes filled with sediments produced by erosion of the newly formed 
fold-chain and eventually becomes affected in part by the final stage of the folding. 

These ideas have caused many repercussions. Soon afterwards Scheumann (1924) 
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named Stage I, characterized by submarine basalts and associated plutonites, as the 
prototectonic phase; Stage II, the syntectonic phase, marked by intrusion of granite 
concomitantly with the folding, during which the granite becomes deformed to a 
gneissic state and therefore appears now as orthogneiss; and Stage III, the apotectonic 
phase, marked by the intrusion of stocks and batholiths of massive granite, accom- 
panied by pegmatites and lamprophyres. 

By 1932 these ideas had become a full-fledged theory to explain the magmatic 
activity during the Variscan period in Saxony: 

Phase I. The magmatic preliminary phase (“proterotectonic,” “pre-principal 
tectonic,” “early tectonic” are synonyms) comprising basic (“diabase’’) eruptions and 
their silicic end products, the keratophyres. However, as shall presently be shown, 
this stated sequence is exactly the reverse of what the field facts show. 

Phase II. Syntectonic phase of magma movement (principal tectonic, synkine- 
matic, synorogenic are synonyms used by later writers): intrusion of large masses of 
granodiorite magmas into the central portions of kinetometamorphic anticlines, ac- 
companied by zonal metamorphism. Gneiss domes are formed, surrounded by zones 
of injection gneiss grading outward into mica schist and phyllite. Pegmatites are 
pressed out and all the volatile constituents of the consolidating magma escape and 
become dispersed and permeate the contact aureole. Failure to develop lampro- 
phyres is characteristic. 

Phase III. Post, or late-tectonic phase—termed apotectonic, post-kinematic, 
post-orogenic by other writers, but epitectonic or epikinematic seem preferable, as 
indicating immediate succession to the preceding phase. Granites intrusive at this 
stage solidify under static conditions; they are surrounded by normal contact-meta- 
morphic aureoles of horafelses. They are characterized by the slow escape of their 
emanations, thereby giving opportunity to form “pneumatolytic concentrates’’ and, 

presumably, of ore-forming solutions. Pegmatites occur within the granite masses, 
and lamprophyres are formed. 

Here is an incisive scheme, which though framed for Saxony, may have far broader 
application. It offers a possibility of throwing needed light on a major problem of 
geology, of accounting in a measure for the fact that some intrusions have been fol- 
lowed by a cortege of metalliferous deposits and many have not. The hypothesis 
should consequently be confronted with the facts determined in other regions. 
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MAGMATIC ACTIVITY DURING THE FILLING OF THE GEOSYNCLINE 


Initially it was thought, as implied by the term “early tectonic,” that the submarine 
eruption of basalts and other ophiolites began when the geosyncline was nearly filled. 
The ophiolites were considered to be the heralds of the impending tectonic revolution. 
However, stratigraphic evidence shows that volcanism has been active very early in 
the history of many geosynclines. In the Appalachian geosyncline south of New 
York, no extrusion of basalts heralded the crustal revolution of late Paleozoic age; 
but the basalt amygdaloids near the base of the Unicoi formation were erupted almost 
at the inception of the geosyncline early in Cambrian time. In the Variscan geosyn- 
cline, which we take to have begun very early in the Devonian (Gedinnian), the ex- 
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tended extrusive activity that marked much of Devonian and Carboniferous time 
began late in the Middle Devonian. 

Careful petrographic research seems to have invalidated also the systematic se- 
quence of types announced by some. “Geosynclinal basalts,” according to Tyrrell 
(1937), are extruded in enormous bulk during the growth of a geosyncline. The 
basalts are mostly true basalts though with a tendency to be accompanied by spilites 
(albite basalts). They and their associated intrusive masses of gabbro, peridotite, 
and serpentine are likely to become affected by low-rank metamorphism during the 
subsequent tectonic revolution and thereby become altered into the well-known 
green rocks or ophiolites, “which are such prominent constituents of fold-mountain 
zones of all ages.” The total volume of geosynclinal basalt (mainly Ordovician) in 
the Caledonian geosyncline is estimated by Tyrrell, on very tenuous evidence, to be of 
the order of 30,000 cubic miles. However, rhyolite was abundantly extruded in this 
geosyncline in Wales during the Ordovician; and in the Lake District, the Borrowdale 
Volcanic series was erupted, probably exceeding 10,000 feet in thickness, consisting 
largely of andesite but topped by rhyolite. The Caledonian revolution began at or 
near the end of the Silurian and persisted into the Devonian, into post-Lower Old 
Red Sandstone time. But during Silurian time volcanic activity was feeble; there- 
fore the Silurian is said to have been “‘the calm before the storm.” But when, as in 
the Sierra Nevada geosyncline, the final stage of sedimentation is marked by the ex- 
trusion of enormous amounts of basaltic lava, tuff, and breccia accompanied by kera- 
tophyres and other “spilitic’” manifestations, we say that this igneous activity is the 
herald of the coming storm, the prototectonic phase of the predestined crustal revo- 
lution. 

The Tasman geosyncline (Sussmilch, 1935), which extended from northern Queens- 
land southward more than 1000 miles, is notable for containing several series of 
highly differentiated lavas. The geosyncline began to form early in Devonian time. 
Volcanism was active during all of the Carboniferous. Mainly andesites were 
erupted in earliest Carboniferous time, but somewhat later 3000 feet of andesite, 
dacite, keratophyre, dellenite, toscanite, and rhyolite were poured out, the more 
silicic kinds of lava generally predominating. In Late Carboniferous time 10,000 
feet of lava, chiefly andesite and basalt, issued at Cracow, Queensland, while at 
Silverwood 3000 feet of rhyolite, dacite, andesite, and basalt were erupted. Deepen- 
ing of the sedimentary trough continued until some time in the Permian and 9000 
feet more of beds accumulated before the Tasman geosyncline was extinguished. 

In the Rhenish Schiefergebirge, where the Devono-Rhenan geosyncline began to 
deepen extraordinarily fast in Early Devonian time, keratophyric tuffs and flows 
were erupted during the Coblenzian stage (late Early Devonian). The Lower Devo- 
nian, in fact, is the most widespread of the Devonian rocks, and greatly exceeds the 
rest of the Devonian in thickness. The “labile” nature of the floor of the deepening 
geosyncline, as indicated by the greatly differing rates of subsidence of adjacent por- 
tions, probably made possible the rise of molten magma, says Tilmann (1938), but, 
as will be shown, the problem is more complex than only an explanation to account 
for the rise of magma, as it comprises also the highly differentiated nature of the 
magma or magmas that rose from the depths and were erupted. 
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Keratophyric eruptions in the Lahn area of the Schiefergebirge opened the ex- 
tended magmatic cycle that began in Middle Devonian time. Tuff is the most 
abundant material ejected, lava is subordinate. The rocks, as shown by recent study 
of fresh, comparatively unaltered material, are of typical alkalic type; aegirine- 
augite, aegirine, and alkali hornblende, especially riebeckite, are common constitu- 
ents (Goetz, 1937). They thus conform with the Middle Devonian keratophyres of 
the Harz, which were the first keratophyres in which aegirine and riebeckite were 
found, in 1909 by Erdmannsdérffer. The silica content of the Lahn keratophyres 
ranges between 74 and 56 per cent; alkalies are high, with soda generally predominant, 
and lime and magnesia are consistently very low. Albite, microperthite, and anor- 
thoclase comprise the phenocrysts; and homogeneously unmixed crystals of anortho- 
clase that are sporadically present indicate that the associated albite phenocrysts 
crystallized from the magma and were not formed by hydrothermal replacement of a 
prior existent calcic plagioclase. The keratophyres of the Lahn thus prove to be 
more or less altered (paleotypal) aegirine-riebeckite trachytes. Many of the kera- 
tophyric flows are remarkably pillowed, individual flows 200 feet or more thick being 
pillowed from top to bottom (Kegel, 1932). 

The protracted eruptive activity thus began early in the history of the Variscan 
geosyncline with the submarine extrusion, not of basalt, but of magma of a highly 
specialized type, presumably therefore the product of extreme differentiation. The 
keratophyres of the Lahn and Dill areas are Middle Devonian, but in the Upper 
Devonian only typical subalkalic basic rocks—variolitic basalt, diabase, and picrite 
were erupted. Thus the petrographic nature of the province changed between 
Middle and Upper Devonian time from alkalic to subalkalic—an example of a strik- 
ing change held to be a major problem in petrogeny. 

Many of the keratophyres have been called “diabase’”’ and were mapped as such; 
it was the prevalence of these supposed diabases that helped to strengthen the idea 
that ophiolites are characteristic of the prototectonic history of geosynclines. Al 
bitic lavas, according to Jung (1928), are enormously abundant and widespread in 
the Devonian and succeeding Dinantian series of Europe. They have generally been 
termed keratophyre and albitophyre (the French equivalent of the German kerato- 
phyre), but Jung would group them all as albitic trachytes and albitic rhyolites, 
according to whether they do or do not contain free quartz. Furthermore, according 
to Jung, the Viséan of the Vosges (approximately Upper Mississippian), contains 
much mica andesite, rhyolite, albitic trachyte, trachyte, and pyroxene andesite. 
As Viséan time ended, orogenic movements suddenly began with paroxysmal 
intensity and the entire geosynclinal zone was folded, and the Variscan chain 
was elevated. This history, marked by the extrusion of an extraordinarily diversi- 
fied volcanic series, none of it ophiolitic, immediately preceding the main orogenic 
crisis, differs widely from that envisaged by the Kossmat hypothesis of magmatic 
evolution during a folding cycle. 


POLYCYCLIC MAGMATIC ACTIVITY DURING FOLDING OF THE GEOSYNCLINE 
VARISCAN OROGENY 


Granite intrusions took place during the Early Variscan orogeny. In the central 
plateau of France granites cut and have metamorphosed the Tournaisian (Lower 
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Mississippian); and pebbles of most of these granites are found in conglomerates of 
late Viséan (Late Mississippian) age. The granites appear to be definitely dated as 
having intruded during one of the later phases (second or third) of the Early Variscan 
(= Bretonian) orogeny. 

In the southern Black Forest plutonic activity was remarkably diverse. Two 
groups of granitic intrusives are distinguishable (Hoenes, 1940). Both groups are of 
early Carboniferous age, and no great interval of time separates them, but tectonic 
calm had settled over the region before the massive, therefore presumably younger 
group of granites, was emplaced. The inferior age limit for the time of intrusion is 
fixed by the fact that granites cut graywacke that carries Protocanites, indicative of 
the first stage of the Lower Carboniferous (Paul, 1940). The older group of intru- 
sions consisting of three or four members began with granodiorite and ended with 
granite, which produced a notable zone of injection gneisses and was followed by a 
remarkable cortege of aplite, pegmatite, and lamprophyre dikes. The granodiorite 
was strongly deformed, so that practically every hand specimen is foliated, the result 
of coarse cataclasis, development of mortar structure, and mylonitization. Subse- 
quently, as inferred from their massive nature, the second group of granitic intrusions 
wasemplaced. Expectably, the first member of this series should be at least as silicic 
as the final granite of the preceding group, but actually it is granodioritic; it was 
followed by alaskite. 

The granites of the first group accomplished marked assimilation and produced 
intense though areally limited migmatitization and grauitization. In contrast, the 
granites of the second group, which appear to have risen to much higher levels in the 
crust as indicated by their broad border facies of porphyry and by their miarolitic 
nature, effected no assimilation, contact metamorphism, and migmatitization. 

Crucial evidence on time of intrusion comes from the basal conglomerate that 
overlies the Protocanites graywacke. This conglomerate contains pebbles of the 
schistose granodiorite and of granite of the youngest member of group two, and 
contact-metamorphosed Devono-Carboniferous rocks. Above the basal con- 
glomerate are 4000 feet of conglomerates, sandstones, tuffs, and extrusives. Crinoi- 
dal limestone 2600 feet above the base of the series contains a rich neritic fauna of 
middle Viséan age. The two plutonic series are therefore Early Variscan and can 
be considered to have been emplaced during the Nassauan (2) phase: the deformed 
granite before the phase reached its climax—the syntectonic granite—and the massive 
granite after tectonic activity has ceased,—post-tectonic granite, or more accurately, 
epitectonic. 

During a later orogenic phase, these rocks were appressed into a syncline, over- 
turned, and subjected to imbricate faulting. This powerful diastrophism was as- 
cribed by Wilser in 1933 to the Sudetian (4) orogeny, but new evidence, based on 
further areal, stratigraphic, tectonic, and petrographic work in the middle and 
northern Black Forest, make it necessary to assign it to the Asturian (6). 

In the northern Black Forest region the large Durbach granite mass, according to 
Wilser, was emplaced during the Early Variscan activity. It has aprimary foliation, 
which was intensified, however, by later cataclastic deformation. The Durbach 
granite was followed, as is normal petrogenically, by a more silicic granite, the Nord- 
rach tranite, which is massive. The Nordrach granite is tourmaliniferous, in con- 
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formity with its position as a late or final member of a plutonic succession. After 
the intrusion of the granites, “orogenic sediments” were deposited. They begin with 
a thick basal conglomerate containing pebbles and even boulders of the Durbach 
granite. Above the basal conglomerate come sandstone, arkose, coal, and tuff, 
whose plant remains prove to be of Middle Carboniferous age (Namurian and early 
Westphalian). This sedimentary series now stands at 60°; it is pinched in between 
fault slices of an imbricate thrust system, and is overlain unconformably by hori- 
zontal beds of late Pennsylvanian (Stephanian) and Permian age. Consequently, 
the chief folding movement of the Variscan revolution in the Black Forest—what 
constitutes “chief” is somewhat subjective—took place, according to Wilser (1935), 
in the Asturian (6) phase. It is perhaps noteworthy that this diastrophic pulse thus 
regarded as the paroxysmal chief movement was unaccompanied by plutonic in- 
trusion. 

Although the evidence for the Variscan revolution in the Black Forest has been 
but briefly sketched here, it can be seen that an extraordinary series of happenings 
was crowded into the Early Carboniferous (Mississippian): 1. deposition of biostrati- 
graphic stage 1 (Protocanites); 2. deformation accompanied by the intrusion of a 
group of plutonic intrusions, emplaced in the order of increasing silicity; 3. injection 
of a satellitic dike retinue of aplite, pegmatite, and lamprophyre; 4. intrusion of a 
second group of granitic masses; 5. uncovering of the youngest granitic massif by 
erosion; and 6. piling up of 4000 feet of conglomerates, sandstones, tuffs, and lavas 
of Middle Viséan age on the eroded surface. Subsequently in Middle Carboniferous 
time, another series of sediments and volcanics was deposited and was powerfully 
deformed by the Asturian (6) orogeny. 

As shown in Table 2 granitic intrusions accompanied at least five phases of the 
Variscan revolution. No granite, however, is known to have been emplaced during 
the first pulse—the Marsian (1), nor during the feeble last two. The intrusives 
range from quartz diorite and granodiorite to alaskite. Many of the intrusive 
masses are of batholithic dimensions, some in fact being notably large. The Lau- 
sitz mass occupies 1800 square miles (1400 square miles exposed plus 400 square miles 
under cover of younger rocks) and the South Bohemian mass is 2000 square miles in 
extent. These masses occur mainly in the Saxothuringian and Moldanubian zones, 
as defined by Kossmat (1927) (Fig. 1). Thus these masses bear somewhat the same 
relation to the Variscan fold-chain as do the batholiths, generally thought to have 
been emplaced during the Appalachian revolution, which lie east of the geosynclinal 
axis. Formerly the Variscan masses were considered to be stocks and batholiths, 
but they have been reinterpreted by the granite-tectonicians as horizontal sheets 
that were injected into the crust above flat floors. None of the masses show evidence 
that they originated in place by subcrustal fusion, except possibly some in the south- 
ern Black Forest where a particularly deep level of the pre-Variscan foundation of © 
sedimentary and igneous gneisses is believed to be exposed. The pre-Variscan 
gneisses of the southern Black Forest, the most intensively and repeatedly studied of 
any gneisses anywhere in the world, are now after detailed re-examination with the 
most recent ideas in mind, thought to show only a moderate amount of selective 
fusion (anatexis) and granitization as effects of the Variscan revolution. Although 
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it is possible that the Variscan granites were formed by anatexis, by subcrustal 
fusion, or by melting of the sialic downfolded tracts, no compelling evidence for such 
origin has so far been found. 

In assembling this sequence of granitic intrusions during the Variscan revolution, 
only masses were included whose time of emplacement has been determined from 


TABLE 2.—Granitic intrusions 








Orogenic Phase Intrusive Masses Age (millions of years) 





Saalian (7) Schellerhau stock and other stannif- 230 
erous granites 


Asturian (6) Riesengebirge massif 270 


Erzgebirgian (5) Lausitz granodiorite 
Meissen syenite-granite mass 


Sudetian (4) Dohna granite; followed by tourma- 
line granite 


Early Variscan (2,3) Black Forest 
Vosges Mountains 











fieldevidence. Theoretical age determinations based on chemical analyses and differ- 
entiation diagrams have been excluded, although such dubious methods have been 
much in favor. In connection with his study of the Black Forest granites and 
gneisses Erdmannsdérffer (1939) found that such genetically unrelated rocks as 
granulite, Rench gneiss, and kinzigite can be plotted to give a normal differentiation 
diagram; he has thereby dealt what must be considered the coup de grace to the use 
of differentiation diagrams as substitutes for a real, stratigraphic, and tectonic work. 

The evidence as to the Black Forest granites has been given here in some detail, 
but lack of space precludes giving the same amount of detail for the plutonic sequences 
in other parts of the Saxothuringian and Moldanubian zones. My main purpose is 
to put in view the fact that plutonic intrusion accompanied many phases of the Varis- 
can revolution but not necessarily in all zones affected by the different phases. Each 
epoch of intrusion comprises a series of granitic rocks, some ending with tourmaline 
granite or followed by metallization. The most notable metallization followed the 
intrusion of the Saalian (7) granite stocks of the Erzgebirge, but these granites were 
not immediately preceded by any less silicic granites. Unlike other igneous cycles 
of the earlier orogenic pulses, the Saalian (7) pulse was accompanied at the Earth’s 
surface by great eruptions of rhyolite, which began early in the Permian and attained 
their maximum between the end of Early Permian and beginning of the Middle Per- 
mian (Weyl, 1938). The Saalian granites brought in tin, tungsten, uranium, and 
silver, and produced notable pneumatolytic effects. Consequently the tendency 
formerly was to date any granite characterized by marked pneumatolysis as Saalian 
(7), and it was indeed a bold step to assign a tourmaliniferous granite to an orogenic 
pulse as early as Sudetian (4). 
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Another remarkable feature of the Variscan plutonic activity is that age determi- 
nations in years have been made for two successive epochs of granite intrusion— 
which is an achievement not yet accomplished for any other orogenic revolution, 
The Riesengebirge granite of the Asturian (6) phase is determined on the basis of a 
class IV radioactive analysis to be 270 million years in age, and the Saalian (7) 
granites as represented by the Eibenstock mass is determined to be 230 million years 
in age, based on a class I radioactive analysis of Joachimstal pitchblende.* Accord- 
ingly, the span of time between the two phases Asturian (6) and Saalian (7), is tenta- 
tively 40 million years. The Saalian granites have been regarded as the final differ- 
entiates formed by the Variscan plutonic activity; thus their richness in metalliferous 
emanations was accounted for, but the matter seems hardly so simple. The conclu- 
sion now emerging is that a long-continued revolution such as the Variscan is poly- 
cyclic and that each orogenic pulse may have its own petrogenic cycle comprising 
synkinematic, late kinematic, and epikinematic granitic intrusions. 

The pre-Permian, Asturian (6) age of the Riesengebirge granite mass involved a 
nice problem in determination. Pre-Permian age was first inferred from finding in 
the basal Permian beds pebbles of contact-metamorphic origin derived from the 
aureole of the Riesengebirge granite; and its Asturian (6) age was determined by the 
fact that lamprophyre dikes, considered to be genetically related to the granite, cut 
the very oldest Stephanian beds (late Pennsylvanian) and pebbles of lamprophyre 
occur in younger Stephanian beds; hence the granite and its retinue of lamprophyres 
are Asturian (6), “if we take this concept for the folding and igneous activity in not 
too narrow a sense chronologically” (Petraschek, 1938, p. 23). 

Another important point in this synoptic or comprehensive view of the Variscan 
plutonic activity as a whole is that the Riesengebirge granite is surrounded by ore 
deposits, zonally arranged in types that indicate that they were formed at decreasing 
temperatures outward from the mass (Petraschek, 1937). But most of the deposits 
are grouped around the east end of the mass, which is the end that had been indi- 
cated by the Cloos granite-tectonic methods to be the position where the magma 
rose from depth before spreading laterally. Magma and ore-forming solutions thus 
appear to have risen along the same channel from a deeper hearth. 

In the Erzgebirgian (5) phase the syenite and granite of the Meissen massif near 
Dresden were emplaced. Tectonic pressure was then still active at the time of 
intrusion, and the syenite facies of the massif is held to be the consolidated crystal 
mush from which the interstitial liquid had been squeezed out. The Lausitz mass, 
the largest of the Variscan plutonic intrusives, also is considered to be Erzgebirgian 
(5). It is a complex body: 30 per cent is muscovite-biotite granite, a hybrid border 
facies formed by the assimilation of or reaction with the graywacke roof-rock; and 
10 per cent are minor varieties, end-stage intrusives of alaskite and aplite. Few or 
no pegmatites and ore deposits were generated by this intrusion, but many lampro- 
phyre dikes were. The Lausitz mass, according to H. Cloos, rests on a flat floor; if 





3 Age determinations of radioactive minerals fall into four classes: I, in which U, Th, Pb, and the isotopic composi- 
tion of the lead have all been determined; II, in which U, Th, Pb, and the atomic weight of the lead have been determined; 
III, in which U, Th, and Pb have been determined by standard methods of analysis (as in the two previous classes); 
and IV, in which U, Th, and Pb, have been determined by microchemical methods. Absolute ages based on class I anlayses 
are definitive, all others are of tentative value. 
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so, it is an injected mass—an alien mass—whose magma originated elsewhere and 
hence, if this magma was formed by the melting of the roots of the downwarped 
geosyncline, as freely asserted in many theories (Kossmat, 1921; Lugeon, 1930; 
Lawson, 1938), the evidence is elsewhere and inaccessible. 

The time of intrusion—Erzgebirgian (5)—is determined largely from tectonic 
considerations (Gallwitz, 1934); in the succeeding Asturian (6) phase the Lausitz 
granite was reduced to mylonite along certain zones. 

The five successive epochs of plutonic intrusion ranging from Early Variscan to 
Saalian (7) show the following similar features: the intrusives of all the epochs are 
granitic rocks, and where intrusives followed one another during a given epoch, the 
initial member was not more basic than granodiorite or quartz diorite, and the suc- 
ceeding members arrived in the order of increasing silicity. One important exception 
occurs—the Brocken mass of the Harz Mountains, the most carefully and thoroughly 
studied of the Variscan massifs. It is a compound pluton 50 square miles in area, 
made up of four members. Gabbro was the first to be emplaced and was followed 
by three injections of granite, the last of which produced powerful pneumatolytic 
effects. The Brocken mass has been called successively a batholith, a “discordant 
laccolith” injected above a thrust plane, and lately a ring-dike intrusion (Lotze, 
1933). According to the latter two hypotheses, the magma was formed in another 
place than where its resultant rock occurs; it then became differentiated, and the 
fractional magmas were moved from their place of origin and injected into their 
present positions. The magmatic history of the Brocken mass conforms to the 
scheme of serial differentiation from a parent basic magma, and does not particularly 
support the oft-expressed idea that the granites of fold-chains are formed by melting 
of the most deeply subsided portion of the folded geosynclinal prism. “Primary” 
magma rather than magma formed by subcrustal fusion appears to have been em- 
placed; and it would seem, therefore, a logical inference that the Brocken mass 
should be surrounded by a cortege of metalliferous deposits, an inference fully borne 
out by the facts. 


RELATION OF MAGMATIC ACTIVITY TO OROGENY IN SOME NORTH AMERICAN GEOSYNCLINES 


We turn now to some examples from North America. The sites and nature of the 
North American geosynclines have been described by Schuchert (1923), but lack of 
space precludes their examination from the point of view of this address. Among 
the more notable geosynclines is the Acadian (Schuchert, 1930). This geosyncline 
contains much volcanic material in Quebec, New Brunswick, Maine, and New Hamp- 
shire. In Gaspé, Quebec, the mid-Silurian section of 13,000 feet comprises 4600 
feet of submarine basalt and andesite (Northrop, 1939). The marine Silurian near 
Eastport, Maine, is 16,000 feet thick, the preponderant part of which is lava and tuff 
(Bastin and Williams, 1914). Rhyolite of many kinds, andesite, and basalt are 
vepresented; in short, the volcanic series is of highly diversified nature. Near St. 
John, New Brunswick, marine beds of early Devonian (Helderberg) age are intimately 
interbedded with volcanic rocks, mainly andesite, but including also dacite, latite, 
rhyolite, and basalt. Thus the Devonian rocks of the geosyncline, like those of the 
Silurian, comprise a highly diversified series, which is obviously not ophiolitic. 
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In New Hampshire 5000 feet of pyroclasts accumulated during geosynclinal sedi- 
mentation, probably during late Ordovician time, according to Billings (1941), 
They comprise chiefly rhyolite, quartz latite, and dacite, with subordinate andesite 
and basalt, a richly diversified series. Later, in Early Devonian time, there was a 
mild repetition of volcanic activity. The indications are that the Acadian geosyn- 
cline is characterized by one of the thickest and most diversified records of volcanism 
so far known. Such a trough laden with large volumes of volcanic rocks erupted 
during its subsidence has recently been called by Stille (1939) a pliomagmatic geo- 
syncline. Geosynclines of this kind are thought by Stille to be the only ones that 
are destined to become the sites of batholithic intrusion. Although this remarkable 
generalization appears to hold true for many geosynclines, it is far from being well 
established or understood. 

The revolution that extinguished the Acadian geosyncline was a great earthstorm, 
as Sir William Dawson called it, surpassing every other in the geological history of 
the eastern border of the American continent. Although the revolution as a rule is 
tacitly considered to have had but one pulse, evidence is accumulating to indicate 
that it took place in several pulses: it is probably polycyclic like most other major 
revolutions. The earliest pulse, Alcock (1935) suggests, took place at the end of 
Early Devonian time and was followed by another in post-Middle Devonian time. 
The radioactively dated pegmatites at Ruggles Gap, New Hampshire, and at Portland, 
Connecticut (260 million years) are conventionally considered, i.e., without precise 
stratigraphic evidence, to have been injected during one of the later pulses of the 
Acadian revolution; the absolute age of the Connecticut pegmatite, 260 million 
years, which rests on a Class I determination, suggests Middle Carboniferous age. 
From that suggestion the conclusion follows either that the Acadian revolution lasted 
longer than commonly thought or that the pegmatites are not results of that revolu- 
tion but are linked with an early forerunner of the Appalachian revolution. 

In the Cretaceous Paysatin geosyncline of Washington and British Columbia, the 
basal member of the geosynclinal prism is andesite agglomerate 1400 feet thick, upon 
which 20,000 feet of clastic sediments were piled. The downwarping of this “local 
geosyncline,” as Daly (1912) styles it, began as a result of the volcanism. Later, 
the Paysatin geosyncline was deformed and was invaded by stocks of granodiorite, 
Here too the geosynclinal magmatic activity was neither notably basic nor prototec- 
tonic. 

In Montana andesites and latite were poured out in great volume as a late phase 
of accumulation in the Coloradoan geosyncline, which came into existence according 
to Schuchert (1939) in late Jurassic time. They were erupted in post-Niobrara 
time, probably just before the emplacement of the Boulder batholith, which rose to 
so high a level in the crust that it invaded the pile of lavas which thus constitute its 
roof rocks. 


CONCLUSION 


The growth of the geosynclinal theory has been outlined in the preceding pages 
and the great expansion from the early views of its founders Hall and Dana has been 
sketched. I have sought to give a comprehensive view of the theory as a whole, 





PRESIDENTIAL ADDRESS 667 


with emphasis, however, on the role of igneous activity during the evolution and 
revolution of the geosyncline. Some of the supporting evidence from the vast mass 
of field facts gathered by geologists from all over the globe has been assembled and 
the interpretations of that evidence have been examined. From that examination 
it appears that the geosynclinal doctrine is likely to prove to be a great unifying 
principle, possibly one of the greatest in geologic science. Notable additions to the 
original Hall-Dana theory involve: 1. the role of volcanism and intrusion during the 
growth of the preparatory geosyncline; 2. isostatic control during the folding and 
appression of the geosynclinal prism ; 3. batholithic intrusion, comprising synkinema- 
tic, late kinematic, and epikinematic phases, and the relation between the igneous 
intrusions that may accompany the successive phases of folding of a polycyclic oro- 
genic revolution; 4. the regional metamorphism effected during the revolution; and 
5. the formation of metalliferous deposits as aftermaths of the several cycles of igneous 
activity during the orogenic revolution. Few geosynclines show the complete suc- 
cession of events; depth of erosion, as has long been suspected, probably accounts 
for the fact that some fold-chains show only part of the phenomena and only the 
more deeply eroded chains reveal the phenomena of zonal metamorphism and allied 
features. To determine the validity of these generalizations and to integrate them 
with the geosynclinal theory as a whole remain as inspiring tasks for the future. 
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INTRODUCTION 


Various types of comparatively recent marine surveys have markedly increased our 
knowledge of the geology and geophysics of the oceanic regions. Many of the 
methods are primarily adaptations from seismic, gravity, and magnetic surveys used 
in obtaining similar data on land. New techniques such as echo sounding, radio- 
acoustic ranging, and explosive core sampling methods have been applied particularly 
in the decade preceding World War II. Advances in marine surveying techniques 
have been made as a result of war research, and many of these will undoubtedly be- 
come available from time to time. Therefore, a bibliography covering various types 
of marine surveys serves a twofold purpose at this time: (a) to enable any interested 
person to familiarize himself more rapidly with what is available in the literature, 
and (b) to serve somewhat as a milestone marking the progress made in this field, as 
available in the literature, to about 1941. The references of a more theoretical 
nature may serve to interpret and/or synthesize the diversified data obtained by 
these surveys. 

No attempt was made to cross reference this bibliography as it is not of sufficient 
length to justify such a procedure. It is assumed that anyone using this bibliography 
is sufficiently interested in the subject to scan it in its entirety. In a few cases some 
of the same information is listed in more than one reference either because the in- 
formation appears in a reference more generally accessible than the original reference, 
or because additional information on the same data is available as a result of subse- 
quent work, e.g. Heiskanen’s treatment of Vening Meinesz’s marine gravity data. 

The bibliography does not include every available and applicable reference in the 
various categories. Especially in categories V and VI, literally hundreds of addi- 
tional references could be included. However, the aim is to complete the over-all 
picture of the subjects dealt with and still keep the bibliography within reasonable 
limits. 
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I. MARINE GRAVITY SURVEYS 
A. DaTa 


1. General 
Borass, E. (1911) Bericht ueber die relativen Messungen der Schwerekraft 


mit Pendelapparaten in der Zeit 1908-1909 (Information on the 
relative gravity values measured with pendulums from 1908-1909), 

Verh. 16 alleg. Conf. Inter. Erdmessung, 3 T., p. 251-258. 
(1914) Bericht ueber die relativen Messungen der Schwerekraft 
mit Pendelapparaten in der Zeit 1909-1912 (Information on the 
relative gravity values measured with pendulums from 1909-1912), 

: Verh. 17 alleg. Conf. Inter. Erdmessung, 2 T., p. 341-343. 

Born, A. (1927) Die Schwereverhaelinise auf dem Meere auf Grund der 
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ABSTRACT 


The crustal movement in progress at the present time has been determined at 106 
points in the Great Lakes area. The entire area, except for the extreme northerly 
part of Lake Superior, is subsiding with respect to sea level. The methods employed 
and the results obtained are discussed, but no conclusion as to the cause of the move- 
ment is reached. 


INTRODUCTION 


Most geologists agree that during the Pleistocene great sheets of ice covered much 
of the northern land areas of the world. In North America, during the last glaciation, 
the ice extended south along the Atlantic coast to Long Island and in the interior 
reached almost to the Ohio River near Cincinnati. The area occupied by the Great 
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Lakes was almost wholly buried under the ice. When the edge of the retreating 
ice passed the southerly rims of the Lake basins, glacial lakes were formed. As 
the ice continued to retreat, these lakes increased in size, united, and fell to lower 
levels as new outlets were opened. After the ice had uncovered all of the Great 
Lakes area, Lake Algonquin occupied the basins of Superior, Michigan, and Huron, 
and Lake Iroquois occupied the basin of Ontario. Both lakes were held at high 
levels by a tongue of the ice which still covered the St. Lawrence and Ottawa valleys. 

The beaches formed by these postglacial lakes have been traced and are now tilted 
up to the north and east. From the so-called “area of horizontality” the Algonquin 
beach rises some 600 feet to the north side of Lake Superior. The Iroquois beach 
rises about 400 feet between Hamilton and Watertown. The movement in the 
Earth’s crust which tilted these beaches is usually known as the “postglacial uplift”, 
although it is not known whether the movement was a rise to the northeast or a 
subsidence to the southwest. The cause of the movement is usually ascribed to 
isostatic recovery of elevation following depression of the crust due to the weight of the 
ice. 


EARLIER WORK 


In 1896, G. K. Gilbert, believing that isostatic equilibrium might still be incom- 
plete, attempted to measure any movement still in progress by comparing the records 
of water gages on the Great Lakes. His method was an application of the principle 
of water leveling, first used by the United States Lake Survey in 1875 to transfer 
elevations over long distances. It is based on the assumption that the surface of 


the lake is level. The truth of this assumption has been questioned. It is well 
known that severe storms may pile up the water in one end, or against one shore 
of the lake. With persistent wind from one direction, the lake may be out of 
level for several weeks, but evidence shows that the average surface during the sum- 
mer months is usually level. Experience has shown that over long distances water 
levels are much more accurate than the highest grade of instrumental leveling. Com- 
parison of differences in the elevations at 20 gages on Lake Michigan, determined 
by water leveling in 1935, with differences determined by the same method in 1944, 
showed a mathematical probable error of +0.012 feet for a determination based on 
the records of 5 months of tridaily gage readings. 

As Gilbert (1896-1897) believed that any movement in the crust would be a con- 
tinuation of the movement that tilted the beaches of the postglacial lakes, he chose 
pairs of gages such that the line between the gages of each pair would be as nearly 
as possible in the direction of that movement. He used four pairs of gages—Mil- 
waukee and Escanaba, Milwaukee and Port Austin, Cleveland and Port Colborne, 
and Charlotte (Rochester) and Sackets Harbor. He proved that the crust was mov- 

‘ing. His rate varied from 0.37 to 0.46 foot, the mean being 0.41 foot in 100 miles in 
100 years. The results seemed to indicate a tilting of the area in conformity with 
that shown by the abandoned beaches. 

In 1920, I began an investigation of this movement which was affecting the gage 
records on the Great Lakes. Comparisons were made among 18 pairs of gages. As 
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preliminary computations indicated that the rate of movement was not uniform over 
the area, an analysis of the observations was made by rigid mathematics, holding 
the direction of movement the same over the whole area but permitting different 
rates on Superior, on Michigan, Huron, and Erie, and on Ontario. The results 
seemed harmonious, showing rates of movement in 100 miles in 100 years of 0.48 
foot on Michigan, Huron, and Erie, 1.02 feet on Superior, and 1.37 feet on Ontario. 

When this work was done it was realized that some of the data were of doubtful 
accuracy. Certain records, including those at Calumet Harbor (South Chicago) and 
at Houghton, were rejected as obviously incorrect. The agreement in the results 
seemed to indicate no large errors in the data. It is now apparent that the method 
of treatment smoothed out the irregularities and gave in a general way a fairly good 
idea of the trend of the movement. 

In 1926, John R. Freeman worked over the data in a different manner using 20 
pairs of gages. In 1933, Beno Gutenberg included in a paper on the general subject 
a new study of the movement in the Great Lakes area. He used 28 pairs of gages, 
adding the data which had accumulated since 1926, including the records at four 
Canadian stations. The conclusions of both Freeman and Gutenberg were affected 
by the inclusion of the record of the Calumet Harbor gage, which has since proved 
erroneous. Nothing was known at that time with respect to the movement between 
the lakes, and it was impossible to draw a true picture of the movement as a whole, 


DATA USED 


During the past 10 years the records of all the gages on the Great Lakes have been 
thoroughly checked, revised, and each referred to a fixed datum. In 1935, gages 
were read in every United States harbor on the Lakes. In the course of this work 
a numer of old bench marks were recovered, which had been believed lost. New 
lines of first-order levels have been run between the lakes, and a new connection 
has been made to sea level. 

In the present study the records of 91 gages on the Great Lakes have been used. 
The average length of time covered by these records is 52 years. At Fort Niagara 
on Lake Ontario the record covers an interval of 129 years, and at four other points 
the records exceed 100 years. The longest periods of comparison are 90 years between 
Toronto and Oswego, 88 years between Cleveland and Port Colborne, 76 years be- 
tween Marquette and Duluth, and 75 years between Milwaukee and Chicago. The 
movement at each of these points, together with the length of record and the number 
of years used, is given in Table 1. 


COMPARISON OF GAGE READINGS 


For comparing differences in elevation between two gages, means of the months 
June to October, inclusive, of each year were used when available. On Lake Erie 
means of the months May to September, inclusive, were used as they gave slightly 
more consistent results. Mathematical analysis of the observations showed that the 
particular months used, provided that the winter months were not included, had no 





TABLE 1.—Crustal movement as determined from gage readings 
Sherman Moore, May, 1945 U. S. Lake Survey 
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+0.53 —0.09 
—0.46 —1.08 

0.00 —0.62 
+0.05 —0.57 
+0.36 —0.26 
—0.08 
—0.41 —1.03 
—0.24 —0.86 
—0.40 
—0.21 —0.83 
+0.25 
+0.39 —0.23 
+0.68 +0.06 
+0.55 


Point Iroquois 1901-1944 Ht 
Munising { 1906-1938 33 
Marquette 1859-1944 86 
Houghton 1890-1944 55 
Copper Harbor 1899-1935 37 
Ontonagon 1900-1935 36 
Ashland 1899-1941 43 
Port Wing 1899-1938 40 
Duluth-Superior 1859-1944 86 
Two Harbors 1887-1944 58 
Grand Marais 1883-1936 54 
Isle Royal 1906-1938 33 
Port Arthur 1907-1943 37 
Michipicoten 1915-1943 29 


NS &w 
on 


With respect 
to 
Harbor Beach 


St. Ignace 1922-1944 0.00 
Detour 1896-1944 +0.48 
Thessalon 1926-1943 +0.55 
French River 1906-1944 +0.84 
Collingwood 1906-1943 +0.45 
Goderich 1910-1943 —0.04 
Lexington 1902-1937 +0.04 
Harbor Beach 1874-1944 0.00 
Port Austin 1871-1935 +0.29 
Bay City 1884-1935 +0.04 
Alpena 1906-1935 +0.14 
Presque Isle 1858-1938 +0.28 
Calcite 1927-1944 —0.16 
Cheboygan 1913-1935 +0.53 
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+0.37 
+0.07 
—0.09 
+0.33 
+0.28 
—1,10 
—0.24 
—0.08 
—0.56 
+0.06 


Mackinaw 1899-1944 
Tle aux Galets 1903-1938 
St. James 1903-1939 
Petoskey 1895-1944 
Charlevoix . 1897-1944 
South Manitou 1901-1944 
Frankfort 1895-1944 
Portage Lake 1895-1944 
Manistee 1896-1943 
Ludington 1895-1944 
Pentwater 1898-1944 
White Lake 1899-1944 
Muskegon 1894-1942 —0.15 
Grand Haven 1894-1944 
Holland 1894-1942 
Saugatuck 1894-1944 —0.43 
South Haven 1896-1944 —0.13 
St. Joseph 1894-1944 
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Extent of record Movement in 100 years 
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Michigan— | Michigan City 1931-1936 —0.11 

(Cont’d.) Gary 1910-1943 —0.31 
Calumet Harbor 1903-1944 —0.36 
Chicago 1854-1943 —0.45 
Waukegan 1907-1944 —0.31 
Kenosha 1909-1944 —0.23 
Racine 1911-1944 —0.67 
Milwaukee 1836-1944 —0.36 
Port Washington 1913-1944 —0.27 
Sheboygan 1913-1944 —0.16 
Manitowoc 1914-1944 —0.12 
Two Rivers 1914-1944 —0.46 
Kewaunee 1914-1944 —0.43 
Algoma 1915-1944 —0.30 
Sturgeon Bay 1905-1944 +0.04 
Green Bay 1904-1944 —0.67 
Menominee 1905-1944 —0.21 
Escanaba 1874-1944 +0.18 
Manistique 1916-1944 —0.12. 
Naubinway 1921-1941 +0.37 
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With respect 
to Cleveland 


Gibraltar 1875-1944 +0.24 
Port Stanley 1908-1943 +0.08 
Port Colborne 1850-1943 +0.33 
Buffalo 1819-1944 +0.39 
Dunkirk 1875-1943 +0.20 
Erie 1859-1934 —0.13 
Conneaut 1893-1942 —0.24 
Ashtabula 1872-1935 +0.06 
Fairport 1888-1935 +0.23 
Cleveland 1838-1944 0.00 
Lorain 1888-1935 —0.10 
Vermillion 1888-1942 +0.15 
Sandusky 1871-1942 +0.08 
Port Clinton 1888-1935 —0.24 
Put-in-Bay 1907-1944 +0.04 
Toledo 1877-1944 +0.15 
Monroe 1859-1937 +0.24 


With respect 
to Oswego 


Fort Niagara 1815-1944 —0.30 
Port Dalhousie 1849-1943 —0.77 
Toronto 1854-1943 —0.58 
Kingston 1895-1943 +0.23 
Cape Vincent 1898-1944 +0.06 
Sackets Harbor 1860-1941 +0.01 
Oswego 1837-1944 0.00 
Charlotte 1846-1935 —0.25 
Olcott 1899-1937 —0.30 
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effect upon the computed rate of movement, but that somewhat greater consistency 
was obtained by using the same months in each year. 

The strongest determination of the rate of movement is that obtained by compari- 
son of gages with long periods of continuous records. This usually assures sufficient 
levels to determine the stability of the bench marks. When breaks occur in the 
records, the original bench marks are sometimes lost, and the correlation of earlier 
with more recent records becomes difficult, and sometimes impossible. The question 
as to the stability of bench marks with respect to the general surface of the surrounding 
area is one of the most difficult problems in reducing gage records to a single datum. 

In determining the differential movement between points on each Lake, the gages 
with long records were considered first. On Lake Ontario there were five such gages— 
Port Dalhousie, Toronto, Oswego, Kingston, and Cape Vincent. On Lake Erie four 
gages were used—Buffalo, Port Colborne, Erie, and Cleveland. On Lake Michigan— 
Huron, Harbor Beach, Mackinaw, Escanaba, Milwaukee, and Calumet all had long 
continuous records, and on Lake Superior there were Point Iroquois, Marquette, 
Houghton, and Duluth. The differences in water-surface elevation between each 
possible pair of these gages on each lake were plotted, and straight lines were drawn 
through the points. The rates of movement indicated by these lines were then ad- 
justed for harmony by the method of Least Squares. The average correction to 
the 32 rates was 0.03 ft/100 years, the maximum correction to any rate was 0.06ft/100 
years. 

After the rates of movement at the principal gages on each lake were established, 
the movement at other points was determined by comparison with at least two of 


the principal points, so chosen as to minimize any temporary lack of horizontality 
in the lake surface, which might affect the results when the record covered only a short 


period. 


DETERMINATION BY INSTRUMENTAL LEVELS 
SEA LEVEL TO LAKE ONTARIO 


Between mean tide, or half tide, at New York, which at that point are practically 
identical, and Rensselaer, near Albany on the Hudson River, there are levels in 1857, 
1877, and 1934, all run by the U. S. Coast and Geodetic Survey. By the levels of 
1934, the land at Rensselaer is lower by 0.849 foot than by the levels of 1877, cor- 
responding to a subsidence at a rate of 1.49 feet per 100 years. The elevation by 
the levels of 1857 falls only 0.02 foot from a line through the other two points. This 
early determination has not been used, as it was considered less accurate than the 
later levels, but its inclusion would have had only a negligible effect on the rate. 

From Rensselaer to Oswego the U. S. Lake Survey ran two lines of levels in 1875. 
The results by these lines differed by nearly a foot, and both have been rejected. 
Crustal movement between these two points has been based on the difference between 
lines of precise levels run in 1902 by the Lake Survey and in 1934-1941 by the U. S. 
Coast and Geodetic Survey. The difference in elevation between these two lines 
shows the land at Oswego has been rising with respect to that at Rensselaer at a rate 
of 1.30 feet in 100 years, but subsiding with respect to sea level. 
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DETERMINATION BY INSTRUMENTAL LEVELS 


LAKE ONTARIO TO LAKE ERIE 


Between Lake Ontario and Lake Erie five sets of levels have been run: (1) in 1875, 
by the Lake Survey from Port Dalhousie to Port Colborne; (2) in 1898 by the U. S. 
Deep Waterways Commission; (3) in 1901 by the Lake Survey; (4) about 1916 by 
the U. S. Coast and Geodetic Survey; and (5) in 1937 by the Lake Survey, from 
Olcott to Buffalo. In each case the terminal points of the level lines have been con- 
nected with Oswego and with Cleveland by water transfers. The line of 1901 was 
obviously wrong due to a systematic error in the instrument used. The line of 1916 
does not show consistency between bench marks and seems to be in error by about 0.3 
foot. The difference in elevation between B.M. “A” at Oswego and B.M. 2 at Cleve- 
land by the other three lines shows a subsidence of the land at Cleveland with respect 
to that at Oswego at a rate of 0.66 foot in 100 years with discrepancies of only 0.02 


foot (Fig. 1). 
LAKE ERIE TO LAKE HURON 


There have been three determinations of the difference in elevation between the 
bench marks at Cleveland and those at Gibraltar near the mouth of the Detroit 
River. As Gibraltar is up the slope of the river, both water transfers and instrumen- 
tal levels are involved. In 1875 the determination was by way of water levels to 
Rockwood and a short line of instrumental levels to Gibraltar. That in 1901 was by 
water levels to Amherstburg and instrumental levels to Gibraltar by way of Trenton. 
In 1935 levels were transferred from Cleveland to Monroe with a line of first-order 
levels to Gibraltar. These three determinations show the land at Gibraltar rising 
with respect to that at Cleveland at a rate of 0.23 foot in 100 years, with discrepancies 
of less than 0.01 foot (Fig. 1). 

The movement between Gibraltar and Fort Gratiot at the head of the St. Clair 
River is the least certain in the area. The three sets of levels between these points 
show good internal consistency. Comparison of the levels of 1898 with those of 1877 
show a rise to the north at a rate of 1.45 ft/100 years, but a comparison of the levels 
of 1930 with those of 1898 show a subsidence to the north at a rate of 0.19 ft/100 
years. Such a reversal in the direction of movement is shown nowhere else in the 
area. As there have been no reversals between Fort Gratiot and Escanaba, Mil- 
waukee, Chicago, or Marquette, nor between Gibraltar and Cleveland, Buffalo, and 
Oswego, accepting a reversal between Gibraltar and Fort Gratiot would mean a re- 
versal in the movement of the entire area either above or below a northeast-south- 
west line through Fort Gratiot. This seems highly improbable. The levels of 1877 
have been rejected although no errors can be found in the notes, but they were not 
run in accordance with modern practice. The subsidence to the north shown by the 
differences between the levels of 1898 and those of 1930 continues at practically the 
same rate to Harbor Beach, where the movement was fixed by levels from Fort 
Gratiot to Lexington in 1898 and 1936, and four seasons of gage readings—1902, 1928, 
1936, and 1937. 

This area between Lake Erie and Lake Huron seems to be unstable. Between 1898 
and 1925 there was a local uplift in Detroit which extended along the river for about 
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3 miles and affected four bench marks. The maximum observed uplift was a rise 
of about half an inch in a mark on a heavy stone building close to the river... Except 
for this local movement, the subsidence from Gibraltar to New Baltimore on Lake 
St. Clair between 1898 and 1930 was at a uniform rate per mile. Between two bench 
marks in New Baltimore, less than 1000 feet apart, a sudden uplift is shown, followed 
by subsidence to the north at practically the same rate as below New Baltimore. This 
movement is so abrupt as to suggest slipping on a fault, possibly the easterly extension 
of the Howell fault. Six sets of levels show that the movement between these marks 
is at a constant rate. Additional marks set recently show the extension of the fault, 
if it is one, for about a mile to the west. 

About 1942 there was a sudden change in elevation along the St. Clair River of 
0.12 foot in about 20 miles. A new connection to Harbor Beach shows no abnormal 
changes in elevation to the southern part of Port Huron. A subsidence begnis there 
increasing in amount to the south to Algonac, then at a uniform amount to the head 
of the Detroit River. How much farther this subsidence extends has not yet been 
determined. 


LAKE HURON TO LAKE SUPERIOR 


The rate of movement between Lake Huron and Lake Superior has been 
determined by comparing the level line of 1901 with that of 1934. A connection was 
made in 1876, but the bench marks on Lake Superior established by that line have 
been lost. A comparison of the three lines between Harbor Beach and Sault Ste. 
Marie is possible (Fig. 1). If the line connecting the determinations of 1934 and 1901 
is projected back to 1876, the determination of that year falls only 0.04 foot from 
the line. 


IN THE ST. LAWRENCE VALLEY 


Changes in elevation along the St. Lawrence River were determined by comparing 
the level line of 1941 with that of 1898. From Lake Ontario to Ogdensburg most of 
the bench marks are in the old granite rock, and the movement is a rise to the north- 
east at an almost uniform rate of 0.0019 foot per mile. Just east of Ogdensburg 
there seems to be an area of relative subsidence about 4 miles wide. In the next 3 
miles there is a rise of 0.11 foot. The uplift then continues at approximately the 
same rate as above Ogdensburg to St. Regis at the International Boundary, although 
it is partially obscured by instability of some of the bench marks, none of which are 
on rock. The subsidence just east of Ogdensburg is not understood. It seems to be 
local, as it is not shown by levels on the Canadian side of the river. Some of the 
irregularities below Ogdensburg may be the result of several minor earthquakes that 
have centered in northern New York. 


REDUCTION TO SEA LEVEL 


For a correlated picture of the movement as a whole, the observations must be 
reduced to a common datum. The only practical datum for this purpose seems te 
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be sea level. If one admits a changing sea level there is no means of determining 
whether the movement is uplift or subsidence. Great variations in the relative 
elevation of land and ocean level during geologic time seems well established, but it 
seems improbable that there has been any appreciable progressive change in the 
volume of oceanic water in the last 100 years. 

On Plate 1 the rates of known movement at all points in the Great Lakes area have 
been plotted. Rates of movement shown by the records of tide gages at certain 
points on the Atlantic coast have been added. The movement at Boston was 
determined by Freeman (1903), and that at New York by Burr, Hering, and Freeman 
(1904). The movements at Quebec and Father Point were determined from the 
records of tide gages maintained by the Canadian Hydrographic Service, 1897-1942, 
and that at Portland from tide records of the U. S. Coast and Geodetic Survey, 1912- 
1943. Movements at St. Paul, St. John, and Baltimore are based on data given by 
Gutenburg (1933). Among these points have been sketched lines of equal rates of 
movement. The position of these lines over the land areas where there are no obser- 
vations is, of course, uncertain. Where the observations are numerous, the lines 
are irregular, but this irregularity is not of the kind which would indicate errors in 
thedata. They define a definite although irregular pattern. 


DISCUSSION OF THE RESULTS 
LINE OF ZERO MOVEMENT 


The line of zero movement should pass through Newfoundland, as Daly (1934) 
states that the northern part of that island is rising and the southern part is subsiding. 
It passes just south of St. Paul and runs southwesterly through St. John, New Bruns- 
wick, to a short distance north of Portland. It then turns west, crosses the St. 
Lawrence River at its head, then swings to the northwest, leaving all of the Great 
Lakes to the south with the exception of the extreme northerly part of Lake Superior. 
Areas north of this line are rising, those south of it are subsiding. If this line of zero 
movement is considered as the arc of a circle, which it approximates, the focus is 
about 200 miles east of James Bay. If the circle is continued, it will pass close to 
Churchill, where the records of the tide gage, when properly interpreted, show zero 
movement. This is of considerable interest, but the assumption that this focus 
represents the area of maximum uplift in the region does not seem justified. 


MOVEMENT IN THE LAKE BASINS 


With respect to its outlet, all points on the shores of Lake Ontario are subsiding, 
and the volume of the lake is therefore increasing. The greatest measured subsidence 
isat Port Dalhousie, but the configuration of the shore at Hamilton suggests that the 
subsidence there may be even greater. In the Erie basin the minimum subsidence 
is at the outlet at Buffalo, and this lake also is gaining in volume with encroachment 
of the water on the land at all points on the shores. The greatest measured subsi- 
dence is at Port Clinton. The Portage River at that point is drowned to a depth of 
6 feet. At Sandusky the upper part of the bay covers a submerged forest. Mosely 
(1905) has traced the existing streams across the lower bay. 
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On the Huron basin the land is rising both to the north and to the south with 
respect to a line through Harbor Beach and Goderich. The maximum rate of uplift 
is at French River in Georgian Bay. With respect to the outlet at Port Huron, the 
land there is rising at a rate of 0.72 foot per century. In the northern part of the 
Michigan basin there is an area of large subsidence. The greatest measured rate, at 
South Manitou Island, is 2.01 feet with respect to sea level, but the subsidence in the 
south end of Green Bay is nearly as great. There may be an extension of this area 
eastward to Calcite on Lake Huron, and northerly to Munising on Lake Superior. 
The land at Chicago is subsiding with respect to the outlet of the lake at Port Huron 
at a rate of 0.57 foot per century. 

The movement on the Superior basin seems fairly regular. The maximum 
measured subsidence (at Duluth) amounts to 1.08 feet in 100 years with respect to 
Port Arthur, and 0.88 foot with respect to the outlet at Sault Ste. Marie. Encroach- 
ment of the water on the land is shown by the sand bars which cut off Duluth- 
Superior harbor. It is believed that these bars rest on muck. Dredging a few years 
ago in the St. Louis River disclosed the remains of a cedar swamp about 20 feet 
below the water surface. 

There are fairly definite indications of a trough extending southeasterly from 
Green Bay through Manistee, Harbor Beach, Goderich, Conneaut, Rensselaer, and 
Boston. With respect to these points the land is rising both to the north and to the 
south. It probably is accidental that the position of this trough corresponds in a 
general way with that of the hinge lines of the postglacial movement. 


CHARACTER OF THE MOVEMENT 


Movement at each point has been assumed to be at a constant rate over the geo- 
logically short period covered by the observations. The evidence, however, does not 
completely support this assumption. Where instrumental levels are involved, a 
remarkable uniformity in rate is found (Fig. 1). In Figure 2 are the changes in 
elevation shown by comparison of the records of three pairs of gages. The com- 
parison between Port Dalhousie and Oswego is unusually definite. That between 
Buffalo and Cleveland may be considered typical. The scattering of the points 
is believed to be due to varying wind and barometric conditions. The com- 
parison between Milwaukee and Harbor Beach shows two possible interpretations of 
the data. It is not impossible that Milwaukee is on a block which is undergoing 
periodic subsidence with longer periods of stability. 

In many places the movement between points close together seems much too great 
to be the result of bending in the crust which is supposed to be some 20 miles thick. 
Probably such abrupt changes in the rate represent movement on faults. Although 
there is a general subsidence of the area to the south, most of the irregularities may be 
due to movement of individual blocks of the faulted crust. 

The present movement in the Earth’s crust seems almost negligible when expressed 
in hundredths of a foot in 100 years. But 100 years is an exceedingly small period of 
geologic time. In 10,000 years, which may be approximately the age of the Algon- 
quin Beach, the differential movement between Green Bay and Port Arthur would 
amount to 164 feet or about one fourth of the tilting of the old beach. The land at 
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Ficure 1.—Differential movement between the lakes 


Figure 2.—Differential movement shown by comparison of gage readings 


Duluth would be nearly 100 feet lower with respect to the present outlet of Lake 
Superior, and Chicago would be about 60 feet lower with respect to the outlet at Port 
Huron. In only 45,000 years Chicago would be below sea level. 


CAUSES 


The cause of the tilted beaches of the postglacial lakes is generally considered as 
isostatic recovery of elevation following depression due to the weight of the glacial 
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ice. This theory fails to explain many observed facts. Taylor (Leverett and 
Taylor, 1915) pointed out some of the inconsistencies. The ice of the Wisconsin 
glaciation extended almost to the Ohio River, yet the old beaches show no differential 
movement below the hinge lines which cut across the Great Lakes. No reasonable 
thickness of ice will account for the amount of the tilting unless it is assumed that the 
Earth had a very thin yielding crust. While such conditions may have existed in 
early geologic time, they hardly could have lasted as late as the Pleistocene. 

Although the crust is badly fractured, it has considerable strength against down- 
ward pressure and is able to bear the great stresses resulting from the heavy lava 
dome of Hawaii and the great trough of the Tonga Deep. Matuyama (1936) has 
shown that the distribution of gravity over Japan and the Nippon Trench is closely 
related to the topography and that isostatic balance has not been established in that 
region. 

Whatever the cause of the postglacial warping, there seems no connection between 
the present movement and isostatic recovery from the weight of the ice. The two 
movements are similar in the Great Lakes region in that both show tilting in a 
northeast-southwest direction. But areas that were deeply buried beneath the ice 
are subsiding, not rising. Gravity measurements over the area show very small 
anomalies that average zero. The movement is not confined to the area covered by 
the glaciers. Tide gages on the Atlantic coast show only a slight rise at Cape Breton 
Island and no movement at Key West. Between these points there is subsidence, 
reaching a maximum at Boston, which was within the glaciated area. Subsidence 
at Galveston on the Gulf of Mexico is at a rate of 1.80 feet per century. On the 
Pacific coast there is no movement at Seattle, a slight rise north of that point, and 
general subsidence to the south. Much the same condition exists in Europe. The 
Baltic area is rising, the Mediterranean area is subsiding. Daly (1934) has shown 
that the subsidence of France is much too great to correlate with the uplift of Fenno- 
Scandia; he suggests that some other cause must be sought for the subsidence. In 
North America the area of subsidence seems to be even greater with respect to the 
area of uplift, although nothing is known with respect to most of the interior of the 
continent. 

In Eastern North America the line of zero movement follows rather closely the 
edge of the Canadian Shield. To the north the old pre-Cambrian rocks are rising, 
to the south the younger sedimentary rocks are subsiding. The geological record 
shows that the older rocks have been subject to uplift since the earliest time. High 
mountain ranges have been uplifted only to be worn down by erosion and their 
material deposited in the seas that periodically invaded the subsiding areas to the 
south. The ‘‘Postglacial Uplift”, and the movement in progress at present, may be 
a continuation of a movement which has been manifest since earliest times. 
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